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preface 


This volume is one of a series designed specifically to teach elec- 
tricity. The series is logically organized to fit the learning process. 
Each volume covers a given area of knowledge, which in itself is com- 
plete, but also prepares the student for the ensuing volumes. Within 
each volume, the topics are taught in incremental steps and each topic 
treatment prepares the student for the next topic. Only ome discrete 
topic or concept is examined on a page, and each page carries an illus- 
tration that graphically depicts the topic being covered. As a result of 
this treatment, neither the text nor the illustrations are relied on solely 
as a teaching medium for any given topic. Both are given for every 
topic, so that the illustrations not only complement but reinforce the 
text. In addition, to further aid the student in retaining what he has 
learned, the important points are summarized in text form on the 
illustration. This unique treatment allows the book to be used as a con- 
venient review text. Color is used not for decorative purposes, but to 
accent important points and make the illustrations meaningful. 

In keeping with good teaching practice, all technical terms are defined 
at their point of introduction so that the student can proceed with con- 
fidence. And, to facilitate matters for both the student and the teacher, 
key words for each topic are made conspicuous by the use of italics, 
: Major points covered in prior topics are often reiterated in later topics 
for purposes of retention. This allows not only the smooth transition 
from topic to topic, but the reinforcement of prior knowledge just before 
the declining point of one's memory curve. At the end of each group 
of topics comprising a lesson, a summary of the facts is given, together 
with an appropriate set of review questions, so that the student himself 
can determine how well he is learning as he proceeds through the book. 

Much of the credit for the development of this, series belongs to 
various members of the excellent team of authors, editors, and tech- 
nical consultants assembled by the publisher. Special acknowledgment 
of the contributions of the following individuals is most appropriate: 
Frank T. Egan, Jack Greenfield, and Warren W. Yates, principal con- 
tributors; Peter J. Zurita, Steven Barbash, Solomon Flam, and A. Victor 
Schwarz, of the publisher's staff; Paul J. Barotta, Director of the Union 
Technical Institute; Albert J. Marcarelli, Technical Director of the 
Connecticut School of Electronics; Howard Bierman, Editor of Electronic 
Design; E. E. Grazda, Editorial Director of Electronic Design; and 
Irving Lopatin, Editorial Director of the Hayden Book Companies. 


HARRY MILEAF 
Editor-in-Chief 
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power sources 


In previous volumes of this series, you studied what electricity is, how 
it is put to practical use in electrical circuits, and how it is measured. 
You will now learn about devices that produce electricity. These devices 
are called power sources. 


The power source supplies the electricity 
needed to operate electrical equipment 


When a load is connected to a power source, electric current flows 
from the source to the load. The power source must supply the amount 
of voltage and current that the load needs. Any load, such as a lamp or 
motor, can only work as well as the power source will permit. 
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BATTERY THERMOCOUPLE 
EMF— 


Ba 


5 


Point 


Chemicals of Contact 
Dissimilar 
Metals 
The battery converts chemical energy The thermocouple converts heat energy 
to build up a difference of potential to develop an electromotive force 
PHOTOVOLTAIC CELL GENERATOR 


Magnetic 


Re 


—| ew ees 


The voltaic cell converts light energy : The generator converts magnetic energy 
to develop a voltage to induce an emf 


types 

Power sources produce electricity by converting some other form of 
energy into electrical energy. Power sources supply electrical energy BY 
building up opposite electrical charges on two terminals. The differen? 
of potential, or electromotive force (emf), between these terminals 
moves the electric current through the load that is connected acro5? 
the source. The most common power sources you will encounter are 
the battery, thermocouple, photovoltaic cell, and generator. They al 
supply an electric voltage and current, but each converts different form’ 


of energy. The battery converts chemical energy, the thermocouple c0?" 


verts heat energy, the photovoltaic cell converts light energy, and the 
generator converts magnetic energy. 
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The battery is one of the most important power sources in use today 

because its energy is self-contained. This is one advantage that none of 

. the other power sources have. All the power sources must first be sup- 

plied with outside energy, such as heat, light, or mechanical energy, 

before they can produce electricity. However, the electrical energy of 

the battery is produced by the chemical energy contained within the 
battery. : : 


The Battery 
isa 
Self-Contained 
Power Source 


= a 


The battery is used mostly wherever a portable power source is 
required, such as in flashights and lanterns, in the automobile electri- 
cal system, in photography to ignite flash bulbs and photoflash lamps, 
and in portable radios, measuring instruments, and hearing aids to Sup- 
ply the electronic circuits; they are also used in trains, planes, and ships 
toys, special clocks and watches, etc. In fact, the battery is the Meg 
versatile power source in use today. The battery is also used as a cali- 
brated source of voltage in a voltage standard. Typical of this is the 
standard cell used by the National Bureau of Standards to establish 
other units of electricity, such as the ohm and the ampere. 
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Basically, batteries are classified as primary or secondary according 
to the manner in which their chemical energy is converted into electri- 
cal energy. The primary battery converts chemical energy to electrical 
energy directly, using the chemical materials within the cell to start the 
action. The secondary battery must first be charged with electrical energy 
before it can convert chemical energy to electrical energy. The second- 
ary battery is frequently called a storage battery, since it stores the 
energy that is supplied to it. 


The flashlight battery is a typical primary 
dry-cell battery 


The auto battery is made up of 

a number of interconnected wet 
cells. It is also a secondary or 
storage battery 


Batteries are also classified as wet cells or dry cells. The wet cell battery 
uses liquid chemicals, while the so-called dry cell contains a chemic@ 
paste. The cell is the basic unit of a battery. A battery often consist’ 
of a number of cells connected to supply a voltage or current greater 
than that of a single cell. However, the terms cell and battery are now 
frequently used interchangeably. 

The primary battery is used mostly where a limited current is required: 
The primary batteries you will probably see most commonly are the gx 
cells. The secondary battery is generally used where a heavy current 15 
required; secondary batteries are usually wet cells. 
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early history 


Although the discovery of electricity dates back about 2500 years to 
the ancient Greeks, very little progress in the science of electricity was 
made until the basic cell was discovered in the late eighteenth century. 
Up to that time, there was no convenient source of electrical energy. 

The action of the basic cell was first noticed by Luigi Galvani in 1791, 
while he was preparing an experiment in anatomy. For the experiment, 
Galvani had removed dissected frog legs from.a salt solution and sus- 
‘pended them by means of a copper wire. He noticed that each time he 
touched one of the legs with an iron scalpel, the muscles of the leg 
twitched. Galvani realized that electricity was being produced, but he 

i thought it came from the leg muscles. 


Zinc — . 


Brine- 
Soaked 
Cardboard 


The voltaic pile uses an alternating stack of silver and zinc discs 
‘separated by discs of cardboard soaked with a salt solution. This 
was the first battery > 


In 1800, Alessandro Volta repeated the experiment, and found that 
the muscles of the frog did not produce the electriċity. Instead, he dis- 
covered that the electricity was the result of a chemical action between 
the copper wire, iron scalpel, and salt solution. Using this knowledge, 
he.built the first practical electric battery, which is known as the 
voltaic pile. 
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"the basic primary wet cell 


After Alessandro Volta made his first battery, he continued to experi- 
ment with metals and chemicals. He found that by putting two different 
metals in certain chemical solutions, electricity could still be produced. 
This is the basic primary wet cell. In his honor, it is usually called the 
voltaic cell; however, it is also sometimes referred to as the galvanic 
cell, in honor of Galvani. 

The metals in a cell are called the electrodes; and the chemical solution 
is called the electrolyte. The electrolyte reacts oppositely with the two 
different electrodes. It causes one electrode to lose electrons and develop. 
a positive charge; and it causes the other electrode to build up a surplus 
of electrons and develop a negative charge, The / difference in potential 
between the two electrode charges is the cell voltage. 


Different Metals 


ELECTRODES 


Electricity 


The opposite charges built up on the 
electrodes produce an emf that causes 
current to flow 


Chemical Solution 


In the basic battery you will study on the following pages, copper 
and zinc will be used for the electrodes, and sulfuric acid mixed wit 
water will be the electrolyte. Actually, as you will learn later, a number 
of different metals and chemicals can be used. 
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The electrolyte 
decomposes into 
positive and negative 
ions 


Copper 
Electrode 


The negative sulfate ions 
pull positive zinc ions 
from the zinc electrode. 
This leaves a surplus of 
electrons in the zinc 
electrode, causing it to 
become negative 


A voltage is developed between the two charged electrodes 


The positive hydrogen 
ions draw electrons from 
the copper electrode, 
causing it to have a lack 
of electrons so that it 
becomes positive 


developing a voltage 


Sulfuric acid mixed with water breaks down into hydrogen ions and 
sulfate ions. There are two positive hydrogen ions produced for each 
megative sulfate iom, but each hydrogen ion has one positive charge 
(H+), while each sulfate ion has two negative charges (SO,-?). There- 
fore, the entire solution is neutral. When the zinc electrode is placed 
in the solution, the sulfate ions attack the zinc, causing its atoms to 
give off electrons. The negative sulfate ions attract positive zinc ions 
(Zn+2) from the electrode, but the electrons released by the zinc atoms 
remain. So, the zinc electrode builds up a surplus of electrons and a 
negative charge. 

When it develops a sufficient negative charge, the zinc electrode repels 
the sulfate ions to prevent further activity. The zinc ions then combine 
with sulfate ions to form neutral zinc sulfate molecules. The electrolyte 
then has more positive charges than negative charges. As a result, when 
the copper is placed in the electrolyte, the positive hydrogen ions attract 
free electrons from the copper. These electrons combine with the hydro- 
gen atoms to neutralize them. This continues until enough hydrogen 


_ions are neutralized to make the electrolyte neutral again. Because of 


this, the copper electrode develops a lack of electrons and a positive 
charge. The difference in potential between the positive electrode and 
the negative electrode produces a voltage across the electrodes. 
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supplying current 


The value of voltage developed by the basic cell depends on the 
materials used for the electrodes and the electrolyte. For the typical 
'zinc-copper cells, this is about 1.08 volts. Once this is reached, the 
chemical action stops until a load is connected across the electrodes. 
Then electrons flow from the negative electrode through the load to 
the. positive electrode. 

When electrons leave the zinc electrode, its negative charge is reduced, 
allowing the negative sulfate ions in the electrolyte to again attack the 
electrode. More zinc atoms release electrons to replenish the supply in 
the electrode. The new positive zinc ions combine with negative sulfate 
ions in.the electrolyte to again form zinc sulfate. The electrolyte again 
has an excess of positive hydrogen ions, which are drawn to the copper 
electrode; they combine with free electrons until the electrolyte is again 
neutralized. 

The action continues in this way: electrons leave the negative zinc. 
electrode and flow through the load to the positive copper electrode; 
the electrons leaving the zinc are replaced by those that are left behind 
by the zinc sulfate; and the electrons that enter the copper replace those 
that leave to neutralize the hydrogen ions. In this manner, the charge 
on each electrode is kept almost constant, and the terminal voltage 
remains steady as the cell delivers current. 


The transfer of electrons at 
both electrodes enables the 
voltage across the terminals 
to remain fairly steady while 
current flows 


When current flows, and elec- 
trons leave the zinc elections 
the zinc again breaks core 
into positive ions to com iens 
h the negative sulfate ! 


When current flows, the posi- 
tive hydrogen ions draw elec- 
trons from the copper elec- 
trode as electrons enter the 
copper from the load 


i e 
This produces more fre! 2 
electrons to replace thos! 
that left the zinc 
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local action 


The chemical action in the basic wet primary cell should stop when 
the cell is not delivering current. This is not always the case, however, 
because there are some impurities in the electrode material, such as 
iron (Fe) and carbon (C). These impurities react with the zinc and 

j the electrolyte to form many small cells that produce local electrical 
currents about the zinc electrode. This local jaction occurs in the cell 
whether or not the cell is delivering current. As a result, the electrolyte 
and electrodes are used unnecessarily, and the battery will not last as 
long as it should. 


An impurity cell of 
carbon and zinc acts like 
J a small battery 


Mercury 


Local action causes needless deterioration 
of the zinc electrode and Wears out the bat- 
tery. To prevent this, the zinc is coated with 
mercury. The mercury coating on the impuri- 
ties isolates them from the electrolyte to 
prevent local action 


To reduce the amount of local action that exists, mercury is coated ` 
on the surface of the zinc electrode. This process is called amalgama- 
tion. The zinc dissolves in the mercury but is still free to combine with 
the electrolyte. The impurities, however, do not dissolve in the mercury; 
instead, they are coated with it, and so are isolated from the electrolyte. 
Therefore, they cannot combine with the electrolyte to produce local 
action. 
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polarization 


When the positive hydrogen ions draw electrons from the copper 
electrodes, neutral hydrogen gas bubbles are formed. Some of these 
bubbles cling to the copper electrode and produce a layer of noncon- 
ducting gas around it. This gas interferes with the action of the cell 
in two ways. First, the gas bubbles reduce the effective area of the copper 
electrode, so that fewer hydrogen ions can reach it. Second, the positive 
hydrogen ions tend to.collect around thesé bubbles. This causes a local 
positive charge to be built up in the electrolyte, which repels the positive 


hydrogen ions away from the copper electrode. This effect is known as 
polarization. 


Polarization is due to the neutral 
gas bubbles that collect around 
the positive electrode 


Neutral Hydrogen Gas Bubbles 


Opposing Hydrogen lons 


- The neutral gas bubbles reduce the electrode 
area and cause an opposing charge to be set 
up. A depolarizing chemical is added to 
“electrolyte to change the hydrogen bubbles 
into water 


To remove the neutral hydrogen gas bubbles, a depolarizer is added 
to the electrolyte. Usually a chemical such as manganese dioxide i5 used- 
This reacts with the hydrogen gas bubbles to form water. The water 
then merely mixes with the electrolyte, and polarization is preventec. 
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the electrolyte 


For the basic zinc-copper cell you have studied until now, the electro- 
lyte used was sulfuric acid mixed with water. Actually, many different 
chemicals can be used. The important functions that the chemicals must 
perform are 

1. Break down into positive and negative ions when they are mixed 

with water. 

2. React chemically with at least one of the electrodes. 

Since different chemicals react more or less with different metals, the 
electrolyte used will determine the actual charges produced on the elec- 
trodes, and will determine the amount of voltage and current the battery 
can supply. Some other electrolytes are ammonium chloride (NH,Cl), 
which breaks into positive ammonium ions (NH,+) and negative chlor- 
ide ions (Cl-); and copper sulfate, which breaks down into positive 
copper ions (Cu*?) and negative sulfate ions (SO,-). 


' Different chemicals can be 
used as electrolytes, 
provided they break down 
into positive and negative 
ions when they are mixed 
with water and react with 
at least one electrode 


The amount of chemical 
activity that the electrolyte 
causes will help determine 
the voltage and current 
output of the cell 
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the electrodes 


The metals used for the electrodes in the basic cell are chosen so that 
when they react with the electrolyte, one will give up electrons to develop 
“a positive charge, while the other will take on electrons to develop a 
negative charge. The tendency of a metal to give up or take on electrons 
depends on how active the metal is chemically. A special list of metals 
has been made up to show how active one metal is compared to others. 


This list is known as the electromotive or galvanic series of metals, and 
a partial list is shown. 


PARTIAL LISTING OF ELECTROMOTIVE SERIES 


+ Order 


Order 
eot of 
.. Activity Metal Activity Metal 
1. Sodium 10 Nickel 
22 » Magnesium 11 Tin 
LS "Aluminum ons *. Lead 
Me Cie -Manganese 13 Antimony 
5 Zinc y 14 Copper 
© 8-2 Chromium. 15 Silver 
SAN A Iron 16 Mercury 
Be Cadmium 17 Platinum 
19 Cobalt í 18 Gold 


developed. For example, for the zinc 


A -Copper cell, zinc is fifth on the list 
and copper’is fourteenth, Zine wou e 


uted sulfuric acid. T inc elec- ' 
trodes were used with a chrom; ; If carbon and zin 


^ romic acid ld 
be’ developed. electrolyte, about 9 volts wou 


| 
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limitations 


The primary wet cell has two basic disadvantages. The first is that its 
operation relies on the necessity for the electrolyte to attack the negative 
electrode to produce the chemical action. As a result, as the battery is 
used, the negative electrode slowly disintegrates. And, when much of it 
is gone, it cannot supply the amount of current needed. In addition, the 
electrolyte, too, undergoes a chemical change as it reacts with both 
electrodes; after a while, the chemical nature of the electrolyte changes 
to such a degree that it loses much of its electrolytic properties and 
cannot build up enough of a charge on each electrode. However, the 
primary wet cell can be restored by replacing the negative electrode 
and the electrolyte. But this brings us to the second disadvantage. 


pers Electrode 
Properties Disintegrates 


The primary wet cell works in such a way that the negative 
electrode slowly disintegrates and the electrolyte loses its 
properties. To make it easy to repair, it is inconvenient to 
Use it commercially 


If the wet cell is made so that it is easy to repair, it cannot be con- 
venient, since it uses a liquid electrolyte. If it were made rugged and 
spillproof so that it would be portable, it would be difficult to repair, 
and expensive to replace. As a result, most primary wet cells in use ~ 
today are simply constructed for laboratory use. ; 

For convenient, inexpensive, commercial use, the primary Ary battery 
was developed. j 
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summary 


O Power sources are devices that produce electricity by converting some 
other forms of energy into electrical energy. O A battery is a power source 
that converts chemical energy into electrical energy. O The energy of a 
battery is self-contained, so batteries are ideally suited for applications 
requiring a portable source of power. O A primary battery converts chemical 
energy directly into electrical energy. A secondary battery first has to be 
charged with electrical energy before it can produce an electrical output. 
Secondary batteries are often called storage batteries. 


O The cell is the basic unit of a battery. Wet cells use liquid chenica 
while dry cells contain a chemical paste. (] Primary batteries are usually a 
the dry-cell type, and secondary batteries of the wet-cell type. O The basic 
primary wet cell is usually called the voltaic cell; sometimes it is referred to 25 


the galvanic cell. O A cell consists of two electrodes made of different metals: 
and a chemical solution, called the electrolyte. 


O The chemical action that takes place between the electrodes and the elec 
trolyte in a wet cell causes one electrode to develop a positive charge and the 
other a negative charge. This produces a voltage across the electrodes. 
O When a cell delivers current to a load, electrons travel from the negative 
electrode to the load, and from the load to the positive electrode. However, 
the chemical action of the cell maintains the charge on each electrode çon 
stant. [] The output voltage of a battery and the amount of current it T 
supply is determined by-the metals used for the electrodes and the chemie; 
used for the electrolyte. C] As a primary wet cell is used, the negative elec 
trode slowly disintegrates and the chemical nature of the electrolyte Ga 
C A primary wet cell can be restored by replacing the negative electrode an 

the electrolyte. This is usually impractical, though. 


review questions 


1. What is the difference between a primary battery and à 
secondary battery? 

- What is a wet cell? A dry cell? 

Name the basic parts of a battery. 

Briefly describe how a wet cell d 
What is meant by local action? 
What is a depolarizer? 


What determines the voltage developed by a basic cell? 


The electrolyte in a cell must perform what two functions? 
What is the electromotive series of metals? 


What are the disadvantages of the primary wet cell? 


evelops a voltage. 


2 

3. 
4. 
5. 
6. 
T5 
8. 
9; 
0. 


= 
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The so-called dry cell actually uses an electrolytic paste. The paste is 
very thick and does not have a tendency to spill or leak. As a result, 
thé dry battery can be made cheaply and light in weight, and are the 
batteries that are used extensively by the public and industry. 

The dry cell works in a manner that is similar to the wet cell. The 
electrolytic paste reacts with the electrodes to produce a negative charge 
on one electrode and a positive charge on the other. The difference in 
potential between the two electrodes is the output voltage. 


^. 


fr DRY CELLS CAN BE MADE CHEAPLY * 
IN ALL SIZES AND SHAPES, SO THAT 
THEY ARE CONVENIENT FOR MANY ^ 
"^. APPLICATIONS £ 
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The positive charge on the rod and the 
1.5 Volts negative charge on the container produce 
___ about 1.5 volts across the terminals 


Zinc 
Container 


Electrolyte Paste of 
Ammonium Chloride with 
Cornstarch or Flour 


Carbon 
Rod 


The electrolyte breaks down into positive and - 
E e ee negative ions, which react with the zinc container 
and the carbon rod. Positive zinc ions leave the 
container, leaving a surplus of electrons behind, 
and the carbon rod gives up electrons 


the basic zinc-carbon dry cell 


The most widely used dry cell is the Eeclanche cell. It uses a zinc Con 
tainer as the negative electrode, a carbon rod as the positive electrode, 
and ammonium chloride as the electrolyte. The ammonium chloride is 
mixed with starch or flour to make an electrolytic paste. Other materials 


are also used in the Leclanche cell, but let us begin by studying the basic 
cell, 


When the cell is first made, the electrolyte breaks down into positive 
ammonia ions (NH,+) and negative chloride ions (Cl-). The positive 


and negative charges are equal, so that the electrolyte is neutral. The 
negative chloride ions attack the zinc container causing it to decompos® 
The zinc atoms givi 


€ up electrons, and release positive zinc ions (Zn*) 
to the electrolyte. The electrons Stay behind in the zinc so that the zine 
container builds up a surplus of electrons and accumulates enough nèga- 


tive charge to stop the activity. The positive zinc ions combine with and 
neutralize the chloride ions to form zine chloride 


Since some of the negative ions ; t 
i gative ions in the elec neutral 
ized, the electrolyt i jo dar. 
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polarization and local action 


Dry cells suffer from the effects of polarization and local action in 
the same way as wet cells, and the conditions are corrected for in a 
similar manner. The zinc container in a dry cell is usually amalgamated 
to reduce local action. 

For polarization, the Leclanche dry cell uses a mixture of carbon 
powder, manganese dioxide, and zinc chloride. The carbon powder acts 
as a pasty binder when mixed with the chemicals. 


The dry cell also develops polarization 
and local action 


rs Volts il 


+ qi DIS 


Electrolytic 
Paste 


Powdered 
Carbon 
Binder 


The zinc container is usually amalgamated to keep local action down. And 
the polarization, due to hydrogen gas (H2) and ammonia gas (NH3), is re- 
duced when manganese dioxide and zinc chloride are used. These chemi- 
cals are mixed with a powdered carbon binder 


When the ammonia ions (NH,+) react with the carbon rod, they 
change into ammonia and hydrogen gas bubbles. The manganese dioxide 
combines with the hydrogen gas to form water, and the zinc chloride 
combines with the ammonia gas to form ammonium chloride. This. 
removes the gas bubbles from around the carbon rod, and the resultant 
chemicals mix with the powdered carbon. 
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construction of the 
leclanche dry cell 


As you have seen, the dry cell has a considerably different construc- 
tion than the wet cell. A typical flashlight battery is shown. The cap 
on the carbon rod is the positive terminal, and the bottom of the zinc 
container is the negative terminal. Seals are used to make the battery 
relatively leakproof, and a paper-like cover.is generally glued around the 
zinc container to act as an insulator and to contain information about 
the battery. 


‘Brass Cap Over 


E Carbon Rod 


* Positive (+) 
Terminal Cell Seal (may be sealing 


compound or insulated 
metal cover) 


Fiber Washer 


Air Space 


Carbon 
Rod 


Core (finely divided 
carbon with manganese, 
and zinc chloride) 


Electrolytic Paste 
(starch and/or flour, 
and inhibitor) 


Chipboard or 
Paper Cover 


Centralizing Bottom 
(Fiber) Washer 


Zinc Can (serves 
as cell container and 
negative (—) terminal) 
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leakproof dry cells 


Although the ordinary dry cell uses seals to make it leakproof, it 
will remain sealed only as long as the zinc container remains intact. 
However, as you remember, the battery works because the electrolyte 
attacks the zinc container, and as the battery delivers current, the con- 
tainer is slowly eaten away as it forms zinc chloride with the electrolyte. 
When the zinc container wears out and develops holes, the battery is no 
longer leakproof. Moisture can seep in and cause the battery to swell up. 
And the zinc chloride that forms when the electrolyte reacts with the zinc 
container can leak out. The white substance that you see on worn out 
batteries is zinc chloride. 


Paper 

Insulation 
When the zinc container wears Zinc 
out, the ordinary battery is no Container 


longer leakproof 
Swelling 


Zinc Container 
Worn away 


TYPE D BATTERY — Zinc Chloride 


To prevent this swelling and leaking, the better batteries are encased 
in a steel jacket. The rest of the battery is made slightly smaller, so that 
the overall battery size does not change. A paper tube is placed between 
the steel jacket and zinc container for insulation purposes. 


TYPE D BATTERY 


Steel 
Jacket 


When the zinc container dete- 
Paper riorates to the point where 
Insulation holes are developed, the steel 
jacket prevents moisture from 
seeping in and chemicals from 
seeping out. The steel-jack- 
Zinc eted batteries are leakproof 
Container 


Zinc 
Chloride 
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summary 


The dry cell uses a thick paste as the electrolyte. Dry cells operate in a 
manner similar to wet cells. The electrodes interact with the electrolyte in such 
a way that a difference of potential is developed between the electrodes. O 
The Leclanche cell is the most widely used type of dry cell. It has an output 
voltage of about 1.5 volts. O The zinc container of the Leclanche cell serves 
as the negative electrode, and a carbon rod is used for the Positive electrode. 
E] The electrolyte of the Leclanche cell is made from ammonium chloride 
mixed with starch or flour to make a paste. O The zinc container of the 
Leclanche cell is usually amalgamated to reduce local action. 


O Better types of dry cells are made leakproof by encasement in steel jackets. 
The jacket keeps the cell leakproof even after the zinc container wears out and 
develops holes. Ina mercury cell, the negative electrode is zinc, and the 
Positive electrode is a mixture of mercuric oxide and graphite. The electrolyte 
is a potassium hydroxide—zinc hydroxide paste. [] The mercury cell is an 


alkaline cell, since its electrolyte is an alkaline chemical, rather than an acid 
like that of the Leclanche cell. 


The voltage of a mercu 
between 1.24 and 1.31 volts when no 


voltage. Although dry cells 
ating life can be extended byr 
. 00d again for a short period. 


n wet cells, their oper- 


ejuvenation. After rejuvenation, a dry cell is 


review questions 


1. Why is a dry cell so called? 
2. What are the materials used f 
lyte of the Leclanche cel]? om the electrodes and electro- 
- Draw a sketch of a basic 
- What is the output volta, 
cub diio Be of a Leclanche cell? Of a mer- 


. If you see a white sub 
probably indicate? 


- How is a dry cell made Jeakproof? 
- What is th 
E € advantage of a mercury cell over a Leclanche 


- What is an alkaline battery? 
- What is rejuvenation? 


Leclanche cell. 


- Can a dry cell be rejuvenated over and Over? Explain. 
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the secondary (storage) battery 


Primary cells have serious limitations because they have short useful 
lives. The rejuvenation of the dry cell is only a temporary measure. The 
wet cell can be repaired, but because of this, it is delicate and is usually 
restricted to laboratory use. 2 z 

The secondary cell was developed for a long useful life, so that it 
could be ruggedly built for portable applications. The basic difference 
between the primary and secondary cell is this: The primary cell con- 
verts the chemical energy built into it to electrical energy, and in doing 
so, slowly destroys itself. The secondary cell has no significant electro- 
chemical energy at the start. The energy must first be charged into the 
secondary cell. Then, the cell stores the energy until it is used. This is 
why the secondary cell is also called a storage cell. 


An uncharged secondary — can be charged with energy. converts the chemical energy 
cell... It stores the energy as back into electrical energy, 
chemical energy, and... when it is used, until... > 
* 


the cell becomes discharged... Then it must be charged again 


When electrical energy is taken from the storage cell, the cell is said 
to be discharging. When the cell is completely discharged, it no longer 
can supply electrical energy. But, unlike the primary cell it can be 
recharged. Basically, the secondary cell converts the electrical energy 
chemical energy when it is charged. Then, it reconverts the chemi 
energy into electrical energy when it discharges. The. most pop 
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other types of dry cells 


As with wet cells, dry cells can be made with different electrode mate- 
rials and electrolytic chemicals. The Leclanche cell, though, a zinc- 
carbon cell with an ammonium chloride electrolyte, is the most popular. 
Some other batteries use magnesium silver and silver chloride, or zng 
and silver chloride. The use of different materials for other batteries 
produces different voltage and current ratings: 


ZINC-MERCURY CELL Steel Tin Plated Inner Top Sealing and 


Outer Top Insulating Gasket 


It can be made in the same sizes 
and-shapes as the Leclanche cell, 
or in special shapes, such as the 
button type, for special applica- 
tions 


Amalgamated 
Zinc 

Anode 
Pellet 


< Mercuric Oxide 
N Depolarizing i 
! el 
MERCURY Safely Absorbent Cathode 
BATTERY peeve Gas Vent 
Potassium 
Hydroxide 
|| Electrolyte 
TYPE C 
ALKALIN ? 
BATTERY The mercury battery provides 8 


steady voltage and high current 
for a long useful life. The same 
is true for other types of alkaline 
cells 


Another popular dry cell is the mercury battery. It uses a negative 
zinc electrode and a positive electrode that is a mixture of mercurio 
oxide and graphite. The electrolyte is a paste of potassium hydroxide 
and zinc hydroxide. The no-load voltage of this cell is 1.34 volts, which 
drops to between 1.31 and 1.24 volts when normal current is supplice: 
The battery is more expensive than the Leclanche cell, but it has ? 
higher constant current rating, and maintains a steady voltage so that 
it can be used as a voltage referencé. F 

While other cells use acid electrolytes, the mercury cell uses an elec- 
trolyte that is an alkaline chemical. Units that use such electrolytes 21° 
called alkaline batteries. There are also other types of alkaline dry cel? 
in addition to the mercury cell. In general, alkalin: 


; E e cells last longer th? 
acid cells, and work in a completely different manner, as you will leat’ 
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limitations 


The primary dry cell actually has the same basic limitations of the 
primary wet cell. The negative electrode is eaten away until the cell 
becomes useless. The dry cell, however, is made as a compact sealed unit 
so that it cannot be repaired as the wet cell can. Although it usually 
must be replaced, the operating life of a dry cell can be extended, in 
some cases, by a process known as rejuvenation. The chemicals that are 
added to the electrolyte to minimize polarization do work to a large 
extent to hold back the buildup of gas bubbles around the positive elec- 
trode. The longer a battery is used, however, the more its chemicals 
are used up; and, after awhile, polarization becomes more of a problem. 
Soon, the gas bubbles accumulate to the point where the battery becomes 
weak. But as long as the negative electrode is not too disintegrated, and 
the electrolyte is not too diluted, the cell still has enough chemical energy 
to work if the polarization can be reduced. The exact nature of the 
rejuvenation process is not too clear. i 


2312 og 
299 8. 


Dry cells can sometimes be 
rejuvenated to extend their 
useful life 


REJUVENATOR 


To rejuvenate a dry cell, a reverse polarity voltage must be applied. 
This causes current to flow through the battery in the reverse direction, 
causing electrolysis to take place in the electrolyte. The gas atoms then 
become ionized, and recombine with the chemicals to clear the area 
around the positive electrode. The battery can then be used for a short 
period, buf it will probably soon need rejuvenation again. After a few 
times, the rejuvenation process will not help. This, of course, depends 
on how weak the battery is in the first place. In any event, the rejuvena- 
tion process only extends the life of a dry cell. 

Often, dry-cell rejuvenators are called chargers, but they do not really 
charge the battery. This is explained for the secondary, or storage cell. 


— 
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the basic lead-acid cell 


The- lead-acid battery can be obtained new, either charged or 
uncharged, and either with the electrolyte in (wet) or not (dry). For 
our discussion, let us start with a completely uncharged cell that has 
the electrolyte in it. The cell, then, consists of two electrodes, both 
made of lead sulfate (PbSO,), and an electrolyte that is for the most 
part distilled (pure) water. There is some sulfuric acid mixed with 
the water, but in the uncharged state the amount is insignificant. 
The-uncharged lead-acid cell, then, does not meet any of the require- 
ments of a battery: its electrodes are not made of dissimilar metals, 
and its electrolyte will not attack one of the electrodes. 


Lead 
Sulfate 


The uncharged lead-acid cell 
cannot generate electrical energy 
because its electrodes are not 
dissimilar metals, and its electrolyte 
will not react with the electrodes 


For the lead-acid cell to work, its 
electrodes must be made dissimilar, 
and its electrolyte must be made 
active 


Active 
Electrolyte 
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Charging” Charging 
Fi Source p L Source J 


Lead 


Sulfate Lead Sulfate 


and 
Lead Peroxide 


Mixture of 
Water and Some 
Sulfuric Acid 


Lead 


Spongy Peroxide 


Lead 


Mixture of 
Water with a 
High Percentage 
of Sulfuric 

Acid 


When the charging current changes the lead sulfate electrodes 
into spongy lead and lead peroxide electrodes, and produces a 
high percentage of sulfuric acid in the water, the storage battery 
is fully charged T 


charging 


For the lead-acid cell to be able to deliver electrical energy, it must 
have two different electrodes, and an active electrolyte. This condition 
exists in the cell when it is charged by an electric current. Because of 
electrolysis, the water electrolyte breaks down -and starts chemical 
reactions. One lead sulfate (PbSO,) electrode changes into ordinary 
Soft or spongy lead (Pb), and the other lead sulfate electrode changes 
into lead peroxide (PbO;). At the same time, a good part of the water 
(H30) electrolyte becomes sulfuric acid (H,SO,). When this is done, 
the battery becomes charged: it has two different metals for electrodes 
and a chemically active electrolyte. The step-by-step action is shown on 
the following pages. 


6-26 € — THE LEAD-ACID CELL 


Water 
molecules 


electrolysis 


When charging first starts, the current flowing through the battery 
causes electrolysis of the water. The water molecules (HO) begin to 
Was into their constituent ions. For each negative Oxygen ion 

E at is produced, there are two positi ; H+) 

2 Sit ns D 
go that the electrolyte is neutral. positive hydrogen ions ( 


Water molecules break 
down into positive 
hydrogen ions and negative 
oxygen ions 
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the negative electrode: 


After electrolysis has broken down the water (H,O) into positive 
hydrogen ions (H+) and negative oxygen ions (O—?), the attraction of 
the positive hydrogen ions breaks the lead sulfate molecules. (PbSO,) 
into positive lead ions (Pb*?) and negative sulfate ions (SO,—?). The 
sulfate ions are attracted out of the electrode by the positive hydrogen 
ions. This leaves the positive lead ions behind in the electrode. 


Lead Sulfate 
Changes Into 
Spongy Lead 


Electrons from the charging current are attracted to the.positive lead 
ions and neutralize them, producing spongy lead (Pb). The action, then, 
is that the negative electrode begins as lead sulfate, gives off sulfate 
ions, and then becomes a mixture of lead sulfate and lead while the 
cell, is charging; and continues to give off sulfate ions to become pure 
Spongy lead when the battery is fully charged. 
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* 


Lead Sulfate 
Changes Into 
Lead Peroxide., 


the positive electrode 


The action that takes place at the positive electrode is similar to that 
which occurs at the negative electrode. The positive attraction of the 
hydrogen ions (H+) in the water breaks down the lead sulfate (PbSO,) 
into positive lead ions (Pb*?) and negative sulfate ions (SO,-?). The 
sulfate ions are attracted from the electrode by the positive hydrogen ions 
(H+). This leaves positive lead ions behind in the electrode. This is the 
same thing that happened in the negative electrode, but there the lea 
ions were able to neutralize themselves by taking two electrons from the 
charging current. ( 

Since the charging current is moving from the positive electrode, how 
ever, this cannot be done here. Instead, the positive attraction of the 
charging source pulls two electrons from the Pb+2 to keep the charging 
current flowing. This produces Pb+*. The Pb** then attracts two nega- 
tive oxygen ions (O-2) from the electrolyte and combines with them 
to become neutral lead peroxide (PbO;). The action, then, is that the 
positive electrode begíns as lead sulfate, gives off sulfate ions and takes 
on oxygen ions to become a mixture of lead sulfate and lead peroxide 
while the cell is charging. The positive electrode continues to give off su 3 
fate ions and to take on oxygen ions until it becomes pure lead peroxide 


when the battery is fully charged. 


THE LEAD-ACID CELL 6—29 


the electrolyte 


Remember that when charging first started, electrolysis broke down 
each water molecule (HO) into two hydrogen ions (H+) and one 
oxygen ion (O-2). The positive hydrogen ions attracted negative sulfate 
ions (SO,-2) from each electrode. These combinations produce H5SO,, 
which is sulfuric acid. The positive electrode draws negative oxygen ions 
from the electrolyte. Therefore, as the charging of the cell continues, the 
electrolyte changes from water to a mixture of water and sulfuric acid. 
The longer the charging continues, the more the water is changed to 
sulfuric acid. When the.battery is fully charged, the electrolyte contains 

_ a high percentage of sulfuric acid as compared to water. f 
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overcharging 


When the lead-acid cell becomes fully charged, the negative electrode 
becomes pure spongy lead (Pb), and the positive electrode becomes pure 
lead peroxide (PbO.). These electrodes no longer contain any sulfate 
ions (SO,-?) to combine with the positive hydrogen ions (H+) in the 
solution, and the positive electrode no longer absorbs the negative oxygen 
ions (O-2). The hydrogen ions are then attracted to the negative elec- 
trode, and the oxygen ions are attracted to the positive electrode. 

Electrons supplied by the charging current leave the negative electrode 
and combine with the hydrogen ions to produce neutral hydrogen gas 
bubbles. The negative oxygen ions give up electrons to the positive elec- 
trode and become neutral oxygen gas bubbles. These gas bubbles accu- 
mulate and rise as gases to leave the battery through vent holes. As a 
result, further charging does not change the water into more sulfuric 
acid. Instead, the water is lost as hydrogen and oxygen gases. 

The water level will continue to go down until the ratio of sulfuric 
acid to water is too great, and the high acid content damages the elec- 
trodés. The escaping gases are dangerous, too, because they are explo- 
sive. When these gases are formed during overcharging, the electrolyte 
appears to "boil" as the gases rise. 


I — —— Lead Peroxide 
Hydrogen To Charging 
Source 


When a lead-acid cell is 
overcharged, the charging 
current neutralizes the hy- 
drogen and oxygen ions, 
and allows them to escape 
as gases 


The water level goes down 
then, and the high acid con 
tent of the electrolyte can 
damage the battery 


0 Negative To Positive 
ectrode Electrode 


ma 
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summary 


O A secondary cell has no significant electrochemical energy until it is 
charged. When a secondary cell is being charged, it is converting electrical 
energy into chemical energy. [] When the cell discharges, it converts the 
chemical energy back into electrical energy. O A secondary cell is also called 
a storage cell, since after it is charged it stores the energy until it is used. 
Unlike the primary cell, a secondary cell can be recharged and used over 
and over. 


L] An uncharged lead-acid secondary cell has two lead sulfate electrodes and 
an electrolyte of mostly distilled water. [] The uncharged lead-acid cell does 
not meet any of the requirements of a battery: its electrodes are not made of 
dissimilar metals, and its electrolyte will not attack one of the electrodes. 
O When an electric charging current is applied, one electrode changes into 
spongy lead, and the other into lead peroxide. In addition, most of the water 
electrolyte becomes sulfuric acid. 


O Lead-acid cells should never be overcharged. O Overcharging causes ex- 
plosive hydrogen and oxygen gases to be produced. It also causes the electro- 
lyte to become too highly acid, resulting in damage to the electrodes. O If a 
lead-acid cell is being overcharged, the electrolyte appears to boil bcause of 
the rising hydrogen and oxygen gases. 


review questions 


. Why are secondary cells often called storage cells? 

. What is the principal difference between a primary cell and 
a secondary cell? 

. From an energy standpoint, what happens when a secondary 
cellis charged? When it is discharged? 

. Does an uncharged lead-acid cell meet the requirements of 
a battery? Explain. 

. What is the composition of the electrodes and electrolyte of 
an uncharged lead-acid cell? : 

. What is the composition of the electrodes and electrolyte of 
a fully charged lead-acid cell? 

. What is the purpose of vent holes in secondary batteries? 

. Why is overcharging dangerous? 

. How can overcharging be detected visually? 

. Can overcharging damage a secondary battery? Explain. 
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Sulfuric Acid 
and Water 


The energy supplied by the charging current is stored 
as potential chemical activity between the lead 
electrode, lead peroxide electrode, and sulfuric acid 


After the lead-acid cell becomes fully charged, one electrode is made 
of spongy lead (Pb), the other electrode is made of lead peroxide 
(PbO,), and the electrolyte is diluted sulfuric acid (H5SO,). The cell 
now has the characteristics of a battery: it has two different electrodes, 
and an electrolyte that will attack at least one electrode. You may have 
noticed during the previous explanations, that while the electrodes were 
being formed, the electrodes merely conducted the charging current. 
They did not build up any charges of their own. As a matter of fact, 
the electrode atoms were kept neutral by the charging current flowing 
in the negative terminal and out of the positive terminal. This is the 
reason why the secondary cell does mot store electrical energy: The 
energy supplied by the charging current is contained in the potential 
chemical activity of the lead electrode, the lead peroxide electrode, an 
the sulfuric acid. 
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developing a negative potential 


As soon as charging current stops passing through the lead-acid cell, 
the sulfuric acid in the cell starts a reverse chemical action that is very 
similar to what happens in the primary wet cell. The electrolyte breaks 
down into positive hydrogen ions (H+) and negative sulfate ions 
(SO,-2). The negative sulfate ions react with the negative electrode, 
causing the spongy lead (Pb) to give up two electrons and become a 
positive ion (Pb*?). The negative sulfate ion combines with the positive 
lead ion to produce neutral lead sulfate (PbSO,). 


The sulfuric acid electrolyte breaks down into 
positive hydrogen ions and negative sulfate 
ions 


The sulfate ions attack the negative electrode 
and cause the lead to give up electrons and be- 
come lead ions, which combine with the sulfate 
ions to produce lead sulfate. A surplus of free 
electrons then builds up to give the negative ter- 
minal a negative charge 


In essence, the spongy lead negative electrode starts changing back 
to lead sulfate, but the two electrons given off by the lead ion remain 
free. The continued creation of PbSO, soon allows a surplus of electrons 
to build up in the negative electrode to give it a negative charge. When 
enough of a negative charge is built up, the sulfate ions are repelled 
from the electrode to inhibit further chemical action. - j 
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The positive hydrogen ions that are released by the 
"sulfuric acid attract negative oxygen ions from the 
positive electrode. This leaves Pb*^ ions behind, 
which cause the electrode to build up a positive charge 


developing a-positive potential . 


The negative sulfate ions ( SO,~?) in the electrolyte also attack the 
‘positive electrode. Each lead peroxide molecule (PbO;) of the positive 
electrode breaks down into two negative oxygen ions (O-?) and one. 
lead ion (Pb+*). The oxygen ions are attracted into the electrolyte bY 
the positive hydrogen ions (H+). This leaves the Pb+4 ions behind; a” 
when enough oxygen ions leave the electrode, it builds up a positive 
charge. When this charge becomes sufficient, the positive hydrogen dons 
are repelled from the positive electrode to inhibit further chemical action | 
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reducing the electrolyte 


At the start of the electrochemical action, the sulfuric acid electrolyte 
(H580,) broke down into positive hydrogen ions (H+) and negative 
sulfate ions (SO,—2). The sulfate ions combined. with the lead ions of 
the negative electrode to produce enough lead sulfate so that a negative 
charge was built up. The positive hydrogen ions attracted enough nega- 
tive oxygen ions from the positive electrode so that 4 positive charge 
was built üp. The hydrogen ions and oxygen ions combined to produce 
water (H,O), so that in the process of building a difference of potential 
between the electrodes, part of the sulfuric acid was changed back to 

' water. The action stops when the lead-acid cell develops an emf of about 
2.1 volts. 


As the charges on the 
electrodes build up, the 
sulfate ions from the 
electrolyte combine. with 
the lead ions on the 
negative electrode, and the 
hydrogen ions combine 
with the oxygen ions from 
the positive electrode to 
produce water. Thus, as an 
emf is developed, part of 
the sulfuric acid is changed 
back into water 
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discharging 
the lead-acid cell 


When the lead-acid cell is connected to a circuit to supply current, 
the chemical action that produced the emf is continued to replace the 
electrons that leave the negative terminal, and remove the electrons that 
enter the positive terminal. 

As electrons leave the negative terminal to go to the load, the charge 
on the negative terminal tends to diminish, allowing the sulfate ions 
(SO,-2) in the electrolyte to again react with the negative electrode. 
The lead atoms of the electrode give up electrons to replace those that 
have left, and become Pb+? ions. These ions combine with the sulfate 
ions to produce still more lead sulfate (PbSO,). 


For each pair of electrons 
that leaves the negative 
electrode, a lead atom 
becomes lead sulfate 
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discharging. 
the lead-acid cell (cont. ) 


For each pair of electrons 
that enters the positive 


As the sulfuric acid — , electrode, a Pb+4 ion 
releases sulfate ions tothe becomes lead sulfate. This 
electrodes, and takes allows the lead peroxide to 
oxygen ions from the release negative oxygen 
positive electrode, the ions and to replace the 
sulfuric acid starts Pb+4 ion 


changing back to water 


Whenever two electrons leave the negative electrode to go to the lóad, 
two electrons are attracted from the load into the positive electrode. 
These electrons combine with a Pb+* ion, changing it to a Pb*? ion. 
The Pb+2 ion then combines with a negative sulfate ion (SO,—2) from 
the electrolyte to deposit lead sulfate on the positive electrode. But the 
loss of a Pb--* ion to the electrode causes another lead peroxide atom 
(PbO,) to break up and give off two oxygen ions (O—?) to the hydrogen 
ions in the electrolyte. This leaves another Pb+‘ ion behind to take the 
place of the one that changed to Pb*? and combined to produce lead 
sulfate. 

In the process of the cell supplying current, ‘the electrolyte gave up 
more sulfate ions, and absorbed more oxygen ions, so that still more 
sulfuric acid was changed to water. 

While it is supplying current, the emf of the lead-acid cell drops to 
about 2 volts. 
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Uncharged Partly Charged Fully Charged 


. 


Partly Discharged Fully Discharged 


PbSO4 


PbSO4 


the discharged lead-acid cell 


You can see that as the lead-acid cell continues to supply current, the 
spongy lead (Pb) negative electrode slowly changes into lead sulfate 
(PbSO,). In a similar manner, the lead peroxide (PbO.) positive elec- 
trode also slowly changes into lead sulfate. And the sulfuric acid in the . 
electrolyte slowly changes into water. As the cell continues to discharge: 
both electrodes become mostly lead sulfate, and the electrolyte contains 
very little sulfuric acid. The cell, then, cannot generate sufficient emf, 
or supply sufficient current to be used; it is then discharged. But it can 
again be charged until the electrodes become spongy lead (Pb) and 
lead peroxide (PbO,), and the electrolyte contains more sulfuric acid. 
It will work again until discharged, but can bé used over and over again 
by periodic recharging. The lead-acid cell is considered discharged when 
its emf drops to 1.75 volts. 
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specific gravity 


You learned that the chemical nature of the electrolyte actually 
depends on the state of charge that the cell is in. When the cell is 
fully charged, the electrolyte has a high content of sulfuric acid; and 
when the cell is discharged, there is very little sulfuric acid in the 
electrolyte. Therefore, the electrolyte could be tested to determine the 
state of charge of the cell. To do this chemically would be difficult; but 
it can be done simply by measuring the specific gravity of the electrolyte. 
Specific gravity is the ratio of the density of a substance to that of water. 

Not all materials or liquids have the same density. Sulfuric acid is 
more dense than water, and so also is a mixture of sulfuric acid and 
water. And, the more acid there is mixed with the water, the more dense 
the electrolyte would be. The density could be checked by seeing how 
a hydrometer floated in the electrolyte. It would float higher in a dense 
liquid than it would in a thin liquid. 

A syringe draws some of the electrolyte into the hydrometer, and a 
floating bulb gives indexed readings that show its depth of float. A 
specific gravity of 1.280 shows a fully charged battery, and a reading 
of 1.110 shows a discharged battery. The specific gravity of pure water 
is 1.0. Remember, though, that the density of sulfuric acid changes 
with temperature, and so its specific gravity is different at different 
temperatures. Most manufacturers rate their cell readings at 80°F. A 
good hydrometer will include a thermometer to check the electrolyte 
temperature, and give compensating adjustments for each 10 degrees 


of deviation. 


Discharged 100% Charged 
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charging methods 


Storage batteries can be charged in various ways. The two basic 
methods are by constant-current and constant-voltage chargers. Either 
method can also be used to give a high-rate charge, a low-rate chargé, 
or a trickle charge. Regardless of the method used, the charging cur- 
rent must be dc. The constant-current method with a low rate is the 
safest way to charge a battery, but it takes the longest—about 16 to 24 
Hours with a charging current of about 10 amperes. The constant-volt- 
age, high-rate charger is the fastest method, but it has a tendency to 
damage batteries that may not be in the best condition. The high current 
accelerates the chemical action which could deteriorate the electrodes 
and boil the water, making the electrolyte too strong. This type of 
charging begins with a current at 50 to 100 amperes, which decreases 
as the battery becomes charged. This is why this method is also called 
taper charging. A moderate charge can be given with this method in 
one hour, but a few hours are needed for a full charge. The trickle 
charger is used to provide a small current to a battery while it is being 
used, thereby keeping the battery fully charged while it is operating. 
This, though, has a tendency to overcharge the battery and damage it 
if charging is not accurately controlled. 


A constant-current charger uses a voltage A constant-voltage charger applies 

source set slightly higher than the battery steady d-c voltage to the battery, 

voltage to get proper charging current causing a very high initial charging 
current 


5 to 10 Amp. 
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construction 


As you learned when you studied the primary wet cell, the amount of 
current a cell can deliver depends on the surface area of the electrodes. 
In order to give the electrodes in the lead-acid cell a large effective. 
electrode area so it can deliver large currents, each electrode element 
is made as a series of plates. Then the plates of the negative electrode 
and those of the positive electrode are interleaved so that the negative 
and positive plates are close together for efficient battery action. Thin 
sheets of nonconducting porous materials separate the plates to keep 
them from shorting. 
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The set of plates for each electrode is connected by a lead strap that 
is attached to the associated lead terminal. The interleaved sets of plates 
are then usually encased in an acid-resistant molded container, Since 
the electrode materials are made of forms of lead, they are too soft to 
stay rigid. Therefore, the plates consist of grids, which have holes to 
hold the electrode materials. A lead-antimony alloy is generally used for 
the grid framework. A filler plug is provided at the top of the cell to 
allow the electrolyte level to be checked, and to allow water to be added 
when necessary. The filler plug generally has a vent hole to allow gases 
to escape. 
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disadvantages 


You know that the operation of the lead-acid cell depends on the 
ability of the lead sulfate on the electrodes to be changed to lead and 
lead peroxide during the charging cycle. With a battery that is well 
cared for and kept fully charged, this is not a problem. But, when 2 
battery is allowed to remain partially discharged for a long period, the 
lead sulfate tends to become hard and brittle; this is known as sulfation. 
The sulfated area of an electrode will not react properly with the electro-. 
lyte, and so the current capacity of the cell goes down. The sulfation pro- 
cess can continue until so much of the electrode area is lost that the bat- 
tery becomes too weak to be useful. Also, the brittle sulfate can fall off 
the electrode. Generally, it drops to à sediment area at the bottom, but 
it could become lodged between the electrode plates and short the cell. 


To reduce sulfation, the lead-acid cell 
must be kept charged, and the 
electrolyte level must be kept at least 
3/8 inch above the plates 


M AES 


Another problem with this cell results from the electrolysis action 
during charging. Remember that when a cell is overcharged, the excess 
hydrogen and oxygen ions become gases and escape, reducing the water 
level of the electrolyte. Even during normal charging this happens, buis 
to a lesser extent. Ultimately, the water content reduces to à point 
where the electrolyte level is too low, and the relative content of sulfuric 
acid is too high. This causes sulfation of the exposed areas of the elec- 
trodes to accelerate, and the overly strong electrolyte will attack the 
supporting member of the cell, which should not react with the solutio? 
The electrolyte level must be periodically checked, and distilled water 
must be added to keep the level about 3/8 inch above the electrode plates: 

The electrolyte in this type of cell also has a tendency to freeze in 
cold weather, particularly when the cell is not fully charged and tpe 
specific gravity of the electrolyte is low. The reason for this is that He 
electrolyte is mostly water, which freezes sooner than sulfuric acid. An 
when water freezes, it expands and buckles the electrode plates. 
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summary 


E] When the charging current is removed from the lead-acid storage cell, a 
chemical action occurs that is the reverse of that which takes place during 
charging. This chemical action causes a positive potential to be produced on 
one electrode and a negative potential on the other. O When fully charged, 
the lead-acid cell has a no-load output voltage of about 2.1 volts. The output 
voltage drops to about 2 volts when the cell is supplying current. O The lead- 
acid cell is considered discharged when its output voltage falls to 1.75 volts. 


O The state of charge of a storage cell can be determined by measuring the 
specific gravity of the electrolyte with a hydrometer. A fully charged cell 
has a specific gravity of 1.280; a discharged cell 1.110. 


O Storage batteries can be charged by either constant-current or constant- 
voltage chargers. Both types can be used to give a high-rate charge, a low-rate 
charge, or a trickle charge. The constant-current method with a low rate 
of charge is the safest charging method, but takes the longest. O The 
constant-voltage high-rate method is the fastest, but can damage batteries 
that are not in good condition. This method is also called taper charging, 
because the charging current decreases as the battery becomes charged. 
E] Sulfation occurs when a lead-acid battery remains partially discharged for 
a long period. Effectively, sulfation causes part of the electrode to be lost. 


review questions 


. What is the output voltage of a lead-acid cell at the instant 
the charging current is removed? Explain. 

. Explain briefly how a potential is developed on the elec- 
trodes of a lead-acid cell. 

. At what output voltage is a lead-acid cell considered dis- 
charged? 

. How is the specific gravity of the electrolyte related to the 
charge of a lead-acid cell? 

. What is the specific gravity of a fully charged lead-acid cell? 
Of a discharged cell? 

. Can ac be used to charge a storage battery? 

. What is taper charging? 

. What is sulfation? 

. Why must distilled water periodically be added to a lead-acid 
storage battery? 

. Why is it good practice to keep storage batteries fully 
charged at all times? 
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The alkaline cell is much more expensive than the lead-acid cell, but 
itis still finding more and more use because it requires much less atten- 
tion than the lead-acid cell and has a much longer useful life. Also, its 
electrodes are made of lighter metals, so that the cell itself is not nearly 
as heavy as a lead-acid cell. As you will soon learn, the electrolyte in an 
alkaline cell does not change chemically during charge and discharge, 
and so it does not tend to freeze as much as the electrolyte in a lead-acid 
cell. Because of this property, the specific gravity of the alkaline cell 
does not change, and so cannot be used as a method of checking the 
state of the battery charge. 


Metal 0. 
HS: Pure Metal 


Alkaline Solution 


KOH and H20 


Alkaline ceils use a pure metal electrode, 
a metal oxide electrode, and an alkaline 


electrolyte (potassium hydroxide and 
water) 


Basically, the alkaline cell is so called because its electrolyte is an 
alkaline solution rather than an acid. This is just another type of chem 
cal that reacts differently with metals than does an acid. The most com- 
mon types of alkaline cells are the nickel-iron oxide cell, which wa 
invented by Thomas A. Edison, the nickel-cadmium cell, and the silver 
zinc cell. Each of these cells basically use a pure metal electrode, a meta 
oxide electrode, and an alkaline electrolyte of potassium hydroxide 
(KOH) mixed with distilled water (H5O). 
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charging 


Basically, the alkaline cell works similarly to the acid cell, in that the 
electrode materials change during the charge and discharge cycles. The 
electrolyte, though, does not change. All of the alkaline cells work in a - 
similar manner. 

To begin, you should know that a metal oxide is the metal combined 
with oxygen. The more oxygen atoms with which it combines, the more 
metal oxide molecules are present, and vice versa. When the alkaline 
cell is uncharged, both electrodes are metal oxides. Since the electrodes 
are not dissimilar, they do not produce an emf. But when a charging 
source is connected to the cell, the emf of the source produces electroly- 
sis in the electrolyte. The electrolyte breaks down into an equal number 
of positive and negative ions. Only the negative ions, which are oxygen 
ions, react with the electrodes, so we can disregard the rest of the 
solution. The negative oxygen ions are repelled from the negative elec- 
trode, and are attracted to the positive electrode because of the polarities 
of the charging source. When an oxygen ion reaches the positive elec- 
trode, it repels electrons out of a metal oxide molecule, making it posi- 
tive. The negative oxygen ion is then attracted to the metal oxide ion, 
and they combine to make the electrode more of an oxide. The electrons 
released by the oxide molecules are attracted out of the electrode by the 
charging source, to produce part of the charging current. 
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charging (cont.) 


When an oxygen ion combines with the positive electrode, the electro- 
lyte becomes electrically unbalanced, and takes on a positive charge: 
The positive attraction of the electrolyte causes the metal oxide mole- 
cules of the negative electrode to break up into positive metal ions and 
negative oxygen ions. The solution then attracts the oxygen ions into 
it. And the positive metal ions in the electrode attract electrons out 0 
the charging source to make up the rest of the charging current. Since 
the negative electrode gave up an oxygen ion, it becomes: less of 
oxide. This process continues with the positive electrode taking oxygen? 
ions out of the electrolyte to become more of an oxide, and the negat 
electrode giving up oxygen ions to become less of an oxide. The positivt 
electrode releases electrons and the negative electrode attracts electro? 
to make up the charging current. This goes on until the negative elec 
trode no longer has oxygen atoms, and so becomes a pure metal, 2? ths 
positive electrode is fully oxidized: the cell is then completely charged: 

Note that for each oxygen ion that the electrolyte gave to the pos 
tive electrode, a replacement was received from the negative electrode 
Therefore, the nature of the electrolyte never changes. 
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how an emf is developed 


You probably noticed that during the charging cycle, positive ions 
were produced in both electrodes. But in the positive electrode, the posi- 
tive ions were neutralized when they combined with the negative oxygen 
ions. And in the negative electrode, the positive ions were neutralized 
by the electrons from the charging source. Therefore, while it is being 
charged, the alkaline cell does not build an emf of its own. It stores 
chemical energy, the same as the lead-acid cell, but as soon as the 
charging source is removed, the chemical action reverses. The negative 
oxygen ions in the electrolyte are no longer repelled by the pure metal 
electrode. Instead, they react with the electrode, and cause the metal 
atoms to give up electrons. The positive metal ions then attract and 
combine with the negative oxygen ions to produce a small amount of 
neutral metal oxide. The electrons that are freed accumulate.in the pure 
metal electrode to give it a negative charge. When this negative charge 
is sufficient, the oxygen ions in the electrolyte are repelled to prevent 
further oxidation of the electrode. 

Since negative oxygen ions have been taken out of the electrolyte, 
the electrolyte takes on a positive charge. The positive attraction of the 
electrolyte causes some of the molecules of the metal oxide electrode 
to break down into positive metal oxide ions and negative oxygen ions, 
and the oxygen ions are attracted into the electrolyte. This continues 
until the electrolyte again becomes neutral. The positive ions left behind 
in the metal oxide electrode build up a positive charge. The difference 
in potential between the two electrodes is the emf of the cell. 

In the process of developing the emf, the pure metal electrode (—) 
became slightly oxidized, and the metal oxide electrode (--) became 
slightly less oxidized. However, since the oxygen ions that were given 
up to the negative electrode were replaced by those EIUS by the 
positive electrode, the electrolyte did not change. 


After the charging source is 
removed, the process reverses. 
The pure metal electrode 
releases electrons, and attracts 
oxygen ions from the electrolyte 
to become slightly oxidized. The 
metal oxide electrode gives up 
negative oxygen ions to become 
slightly less oxidized. The elec- 
trodes build up charges to pro- 
duce an emf 
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the discharge cycle 


Essentially, when the alkaline cell discharges, it just continues the 
process that built up the emf. Without current flow, the action stopped 
because the negative charge on the pure metal electrode prevented 
further oxidation. But. when a load is connected across the cell, and 
current flows, electrons leave the negative electrode and enter the posi- 
tive electrode. The number of charges on the electrodes decreases. But 


While discharge current flows, the pure — 
metal electrode (—) becomes more and TF 

more oxidized. The metal oxide electrode E 
(+) becomes less and less oxidized 


When both electrodes become too 
similar in oxygen content, the cell is 
completely discharged 


KOH and H20 


this allows negative oxygen ions from the electrolyte to again combine 
with the metal atoms in the negative electrode to release more free 
electrons to replace those that became part of the current flow. And, 
as a result, the metal oxide electrode releases oxygen ions to replace 
the ones given up by the electrolyte; it, therefore, creates new positive 
metal ions:and negative oxygen ions to replace those neutralized by e 
current flow. Because of this, as discharge current continues tO flow, 
the pure metal electrode starts changing into more of a metal ox e» 
and the positive electrode becomes less of a metal oxide. 
When the cell is discharged, both electrodes become similar in DET 
content, and the cell is too weak to work. It must be recharged. S 
throughout it all, the electrolyte did not change; it merely exchang 


oxygen ions between the electrodes. 


à 
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The nickel-cadmium alkaline cell has 
become one of the most popular storage 
batteries, especially for use in small 
portable equipment 


typical alkaline cells 


The oldest alkaline cell in use is the nickel-iron cell, usually called the 
Edison cell. It uses a nickel dioxide (NiO;) positive electrode, and a. 
pure ion (Fe) negative electrode. During the discharge cycle, the nega- 
tive electrode changes into iron oxide (FeO;) and the positive electrode 
into nickel oxide (Ni;O,). When it is fully charged, this cell produces 
about 1.37 volts, which drops to about 1 volt when the cell is considered 
discharged. The Edison cell is used mainly with railroad and telegraph 
signals, and portable lamps. 

Another alkaline cell, which is being used more often, is the mickel- 
cadmium cell. It was invented in Sweden early in the 1900's, but did 
not become practical to make until recently. It uses a positive electrode 
of nickel dioxide (NiO, ), and a negative electrode of pure cadmium (Cd); 
these change to nickel oxide (Ni,O,) and cadmium oxide (CdO;) 
during discharge. The cell produces a closed-circuit voltage of about 
1.2 volts, which remains relatively steady during the discharge cycle. 
These cells can be made small and rugged, and are used considerably 
in small, portable equipment. 

A recent development is the silver-zinc cell, which has a positive elec- 
trode of silver oxide (Ag,O), and a negative electrode of pure zinc (Zn), 
During the discharge cycle, the positive electrode loses much of its oxide 
content and starts changing into pure silver (Ag); the negative electrode 
starts to change into zinc oxide (ZnO). A fully charged silver-zinc cell 
delivers a closed-circuit emf of about 1.86 volts, which drops to about 
1.6 volts when the cell is discharged, 


6-50 SUMMARY AND REVIEW QUESTIONS 
summary 


g Alkaline secondary cells use alkaline solutions as electrolytes instead of 
acids. Alkaline cells require less attention and have longer useful lives 

' than lead-acid cells; however, they are considerably more expensive. 1 The 
specific gravity of the electrolyte cannot be used to determine the state of 
charge of an alkaline cell. This is because the electrolyte does not change 
chemically during charging and discharging. 


[] An.uncharged alkaline cell has two metal oxide electrodes and an alkaline 
electrolyte. A charging current causes chemical action within the cell which 
turns one electrode into a pure metal and the other into more of an oxide. 
E] When the charging source is removed, the chemical action within the cell 
reverses and causes a positive charge to be produced on one electrode and a 
negative charge on the other. 


= 


D) One type of alkaline cell uses a nickel dioxide positive electrode and a pure 
iron negative electrode. This nickel-iron cell is also called the Edison cell. 
t1 When fully charged, the Edison cell has an output of about 1.37 volts. O 
The nickel-cadmium cell has a nickel dioxide positive electrode and a pure 
cadmium negative electrode. When charged, it produces an output voltage of 
about 1.2 volts. The silver-zinc cell has a silver oxide positive electrode and 
a pure zinc negative electrode. Its fully-charged output voltage is about 1.86 
volts. (J The electrolyte of most alkaline cells is potassium hydroxide mixed 
with distilled water. 


review questions 


. In an alkaline secondary cell, is there a relationship be- 
tween the specific gravity of the electrolyte and the state of 
charge of the cell? 

. What are the advantages of an alkaline cell over a lead-acid 
cell? 

. Is an alkaline cell charged or discharged when both elec- 
trodes are metal oxides? 


. What is the function of the electrolyte: in an alkaline cell? 

. What is an Edison cell? 

. In a charged alkaline cell, is the pure metal electrode posi- 
tive or negative? 

. What effect does the charging current have on the electro- 
lyte of an alkaline cell? 

. Why doesn't the electrolyte of an alkaline cell tend to freeze 
as much as the electrolyte of a lead-acid cell? . 

. Whatis a metal oxide? 

. What electrolyte is used in most alkaline cells? 
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multiple-cell batteries 


You learned earlier that although the terms cell and battery are now 
used interchangeably, at one time, the term battery was used only to 
mean a combination of cells. In most applications, the voltage and cur- 
rent that can be supplied by a single cell is not enough, so many bat- 
teries have to use combinations of cells. When a higher voltage is needed, 
cells are connected in series, so that their emf's add. The cells can be 
connected within the battery, or separate batteries can be combined to 
obtain the higher voltage. The polarities all have to be in the same direc- 
tion. If they are not, the voltages will subtract. The same current goes 
through all the cells in à series setup, and so this type does not increase 
the current rating. As a matter of fact, the overall current delivered 


will be the rating of the weakest cell. 2 


Pa i m 


In many flashlights, three 1.5-volt i ; 
batteries are connected in series to A 9-volt transistor radio battery 
light a 4.5-volt lamp r contains six 1.5-volt cells in series 


F Four 1.5-volt batteries connected in 
j parallel will produce an emf of 1.5 
- volts with four times the current 


* rating of a single cell 


To increase the current rating, cells must be connected in parallel. 
Then each cell will supply its own current, and the sum of all the cells 
will be the total current rating. Again, all of the cells should be con- 
nected with the same polarity. If not, the cells will supply current to 
each other and short circuit the combination. All of the cells should 
have the same voltage rating, otherwise the higher voltage cell will 
supply current to the lower voltage cell. . 

By connecting cells in series-parallel combinations, higher voltage and 
current ratings can be obtained. 
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typical battery types 
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A 45-volt battery uses thirty 1.5-volt A 12-volt auto battery uses six 2-volt 
cells connected in series lead-acid cells connected in series 


45 Volts — 


l 45 Volts i 


45 Volts — 


Four 45-volt batteries can be \ 
connected in a series-parallel 

combination to produce a high- 

current 90-volt source 
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voltage ratings 


Earlier, you learned that the voltage output of a battery depends only 
on the materials used for the electrodes and the electrolyte. The amount 
of material used, or the physical size of the battery has nothing to do 
with the battery’s voltage rating. Each specific combination of chemicals 
produces a specific emf. The only way that the voltage rating can be 
increased is by using more cells in series. 

Batteries are rated with a no-load voltage. This is the electromotive 
force the battery delivers when it is not supplying current. When it is 
supplying current, the battery voltage drops slightly, up to 0.1 volt or 
so per cell. The voltage under load will drop even more with batteries 
that are more worn out. This is explained on page 6- 54, For this reason, 
if you test a battery when it is not delivering current, the voltage reading 
you will get will not be meaningful. You should shunt the battery so 
that it will supply its rated current to see how much its voltage will 
drop. If the yoltage drops considerably, the battery is worn out. Special 
resistance-shunt voltage testers are available to check storage batteries 


in this way. 


The shunt resistor on this 
voltmeter causes a high current 
to flow, so that the voltage of the 
battery under load can be tested 


TYPICAL CELL VOLTAGE RATINGS 
Voltage Ratings 


* Discharge 

į Type of Cell No Load With a Load Level 
Copper-zinc-sulfuric acid, primary wet cell 1.08 1.008 About 0.8 
2.0 19 About 1.7 


Carbon-zinc-chromic acid, primary wet cell j 
Carbon-zinc-ammonium chloride, primary dry cell 1.5 14 WEIST 


(Leclanche cell) 
Mercury-zinc-potassium hydroxide, primary dry cell 1.34 1.31 to 1.24 About 1.0 


(mercury cell) 


| Lead-acid storage cell x 2.1 2.0 About 1.75 
Nickel-iron, alkaline storage cell (Edison cell) 1.37 1.3 About 1.0 
Nickel-cadmiüm, alkaline storage cell 1.3 S2 About 1.0 


__Silver-zinc, alkaline storage cell 1.95 1.86 About 1.6 
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The reason that the output voltage of the battery drops when it is 
supplying current is that the battery has an intermal resistance. This 
internal resistance results from the opposition that the electrodes and 
the electrolyte give to the flow of current. When the current flows through 
this internal resistance, a portion of the battery voltage is dropped, so 
that less is available at the output terminals. As the battery wears out, 
"the electrodes and the electrolyte in the cells deteriorate and become 
poorer conductors. The resistance of the cells then increases, and the 
output voltage decreases. 
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Every cell has an internal resistance that drops part 
of the cell voltage when current flows. The more worn 
out a battery is, the higher its internal resistance 
becomes. The output of the battery under load is 


E UNDER LOAD = Eno LOAD — IR INTERNAL 


With a worn out battery, the internal resistance becomes so great that 
the voltage drops to the point where the battery is useless. The intern 
resistance of a dry cell is usually only around 0.2 ohm, but if a battery 
used six dry cells, the total internal resistance would be 1.2 ohms. BA 
1.5-volt dry cells provide an open-circuit voltage of 9 volts. But in? 
circuit that draws 500 milliamperes, the voltage would be 8.4 volts: f 
the battery wears out, and its internal resistance increases to à total ° 


3.6 ohms, the output emf will drop to 7.2 volts. 
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Although the physical size of a battery has no effect on the emf the 
oattery produces, it does affect the amount of current a battery can 
supply. The larger the area that the electrodes have, the more current 

` a battery can supply. This is why storage batteries are made with inter- 
leaved plates. Both sides of each plate for a given electrode are available 
to supply current. The interleaving of plates also permits the electrodes 
to be close together. This reduces the internal resistance of the battery, 
so that high currents do not decrease the output voltage as much as they 
might otherwise. 


This large plate 


can deliver more current 
than this smalter plate 


Batteries are rated according to the amount of current they can supply 
in a given amount of time. The rating is given in ampere-hours. For 
storage batteries, the standard time used is generally 20 hours; so, if a 
storage battery is rated at 100 ampere-hours, it means that it will supply 
5 amperes for 20 hours before its emf will drop to the discharged level, 
which is 1.75 volts per cell. But it can also supply more current for less 
time, or less current for more time; the ampere-hour rating is the same. 
For example, it can supply 50 amperes for 2 hours, or 4 amperes for 25 - 
hours. The less current it supplies, the longer it will last. 


es 
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In addition. the basic battery rating is given for operation at a tem- 
perature of 80 F. At low temperatures, the chemical activity of the 
battery slows down, and the battery cannot supply as much current. 
Therefore, batteries that are used outdoors, such as auto batteries, also 
are rated in ampere-hours for lower temperatures, such as O?F. 
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This curve shows the different current-time 
combinations that can be obtained with a 100-ampere- 
hour rating 


Some storage batteries, used for mobile lighting, are rated for four 
hours of operation, but this rating is still given as ampere-hours. Another 
older method of current rating, which is sometimes also given, is the 
maximum current that a battery can supply for 20 minutes. This is just 
given in amperes, and should not be considered with the ampere-hout 
rating. It is known as the 20-minute rating. 

The ampere-hour rating is specified for continuous use over a certain 
period. Actually, if the battery is used only intermittently, it will last 
longer than its rating indicates, because it can rejuvenate itself betwee? 
discharge cycles. This is especially true of dry batteries, which are gen- 
erally designed for use for only 15 or 20 minutes at a time. Ordinarily, 
since dry batteries cannot deliver high currents, they are rated in milli- 
ampere-hours or microampere-hours. 
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For the most part, the battery relies on the chemical energy of the 


. electrolyte to cause the electrodes to build up charges. You learned in 


Volume 1, though, that other forms of energy can be used to produce 
electric charges. The type of energy most commonly used is magnetism. 
The devices that produce electrical energy with magnetism fall into a 
category referred to as d-c and a-c generators, which are explained in 


the latter part of this volume. 
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Light and heat can also be used by power sources to generate an emf. . 
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to induce an emf 


Sources that use light are known as photovoltaic cells, and those that 
use heat are called thermoelectric cells. An emf can also be generated 
by the triboelectric and piezoelectric effects, but these effects are not 


usually used in power sources. 
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photovoltaic 
and thermoelectric cells 


The photovoltaic cell is one of three major categories of photocells. 
There are also photoconductive and photoemissive cells. These two types, 
though, are not power sources. They must be energized by a power 
‘source before they can work. The photoconductive cell is basically a 
variable resistive device that permits more current to flow in a circuit 
when it is struck by light; and a photoemissive cell is usually an electron 
tube that has an element that emits electrons to a plate. These devices, 
though, are not voltaic cells because they do not produce an emf. 

The photovoltaic cell usually uses two dissimilar semiconductors joined 
together. And when light strikes one of the semiconductor materials, 
the energy released by the light causes free electrons to cross the junc- 
tion to the other semiconductor material. Thus, while the light is on 
the cell, one side of it has a lack of electrons and the other side has a 
surplus; so an emf is developed between the two materials. When the 
light is removed, though, the electrons return across the junction and 
the emf drops to zero. 

The thermoelectric cell uses heat energy at the junction of two dis- 
similar metals to cause electrons to cross the junction. Like the photo- 
cell, the thermoelectric cell loses its emf when the heat is removed. 
Both of these types of cells only generate a fraction of a volt, but a 
number of them can be added in series to increase the emf. A series of, 
thermoelectric cells piled on top of one another is called a thermopile. 
One thermoelectric cell is usually referred to as a thermocouple. 


, Light or heat energy can cause a transfer of electrons 
between two dissimilar materials to build up an emf 
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A photovoltaic cell uses dissimilar semiconductor materials 
and a thermoelectric cell uses dissimilar metals. When 
light or heat is removed, the emf drops to zero 
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solar cells 


You can see that the basic photovoltaic and thermoelectric cells are 
limited in their usefulness as power sources because they lose their emf 
when the heat or light energy disappears. By themselves, these types of 
cells are usually used as signal sources, not as power sources. But, when 
they are combined with chemical storage cells, they become good power 
sources, This is generally the way solar cells, which are used in portable 
radios and artificial satellites, make use of the sun’s energy. 
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keep a storage cell charged 


The photovoltaic and thermoelectric cells act as primary sources that 
keep a secondary cell charged. Then, as the emf of the primary cells 
fades when the sun goes down, the secondary cell continues to supply 
power. The secondary cell is repeatedly recharged whenever the sun's 
rays strike the primary cells. The photovoltaic cell uses the light energy 
of the sun directly, but the thermoelectric cell uses the heat from the 
sun's rays. Lenses of various types are used to concentrate the rays to 
make the cells more effective, and a number of cells are connected in 
Series to produce the proper emf. 
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6—60 SUMMARY AND REVIEW QUESTIONS 
summary 


E] When cells are connected in series, their output voltages add. The overall 
output current, though, does not increase. When cells are connected in 
parallel, the overall output current is the sum of the individual cell currents. 
The overall output voltage, though, does not increase. [] The voltage rating 
of a battery is its output voltage when it is not supplying current. O Internal 
resistance results from the opposition to current flow offered by the electrodes 
and electrolyte. 


O The larger the surface area of the electrodes, the more current a battery 
can supply. O The current rating of a battery is specified in ampere-hours. 
E] Current ratings are generally specified for a temperature of 80?F. At low 
temperatures, the chemical activity of a battery slows down, so its current 
rating decreases. O Ampere-hour ratings are specified for continuous use. 
o |f a battery is used intermittently, it will last longer than its specified 
ampere-hour rating. 


E] A photovoltaic cell produces an emf when it is struck by light. When this 
light is removed, the emf drops to zero. O A thermoelectric cell produces an 
emf when it is heated. O A series arrangement of thermoelectric cells is 
called a thermopile. C] The solar cell consists of a photovoltaic or thermo- 
electric cell together with a chemical storage cell. 


Samer. a 


review questions 


1. What is meant by the no-load voltage of a battery? 

2. What causes the internal resistance of a battery? 

3. If a 6-volt battery has an internal resistance of 0.1 ohm, 
what is its output voltage when it is supplying a current of 
5 amperes? 

4. What is the output voltage of six 2-volt batteries connected 
in series aiding? What is the output voltage if they are 
connected in parallel? 

5. A battery has an ampere-hour rating of 80, What continuous 
current can it supply for 10 hours? 

6. For how long can the battery of Question 5 supply 4 am- 
peres of current continuously? 

7. How does temperature affect the current rating of a storage 
battery? : 

8. Why are photovoltaic and thermoelectric cells generally not 
used as power sources? : 

9. What is a solar cell? 

. Two cells, each with an internal resistance of 0.2 ohm, are 

in parallel. What is the overall internal resistance? 
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generators 


You have seen so far how three different forms of energy are converted 
into electrical energy. Batteries convert chemical energy into electricity, 
photovoltaic cells convert light energy into electricity and thermocouples 
convert heat energy into electricity. You will now learn about devices 
that convert mechanical energy into electrical energy. These devices are 
called generators. 

Basically, a generator produces electricity by the rotation of a group 
of conductors in a magnetic field. The input to a generator, then, is the 
mechanical energy needed to rotate the conductors. This energy can be 
supplied by gasoline or diesel engines, steam turbines, electric motors, 
flowing water, or even atomic reactors. In fact, anything that can be 
used to make a shaft rotate can be the input to an electrical generator. 
The output of a generator is the emf induced in the conductors as they 
move through the magnetic field. Since a generator requires a magnetic 
field for its operation, a generator might also be defined as a device 
that converts mechanical energy into electrical energy by means of a 
magnetic field, or by magnetic induction. The principles of magnetic 
induction were covered in Volumes 1 and 3. 
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6—60 SUMMARY AND REVIEW QUESTIONS 
summary 


O When cells are connected in series, their output voltages add. The overall 
output current, though, does not increase. When cells are connected in 
parallel, the overall output current is the sum of the individual cell currents. 
The overall output voltage, though, does not increase. [] The voltage rating 
of a battery is its output voltage when it is not supplying current. O Internal 
resistance results from the opposition to current flow offered by the electrodes 
and electrolyte. 


Lj The larger the surface area of the electrodes, the more current a battery 
can supply. © The current rating of a battery is specified in ampere-hours. 
o Current ratings are generally specified for a temperature of 80°F. At low 
temperatures, the chemical activity of a battery slows down, so its current 
rating decreases. O Ampere-hour ratings are specified for continuous use. 
o If a battery is used intermittently, it will last longer than its specified 
ampere-hour rating. 


EJ A photovoltaic cell produces an emf when it is struck by light. When this 
light is removed, the emf drops to zero. A thermoelectric cell produces an 
emf when it is heated. [] A series arrangement of thermoelectric cells is 
called a thermopile. C] The solar cell consists of a photovoltaic or thermo- 
electric cell together with a chemical storage cell. 


review questions 


1. What is meant by the no-load voltage of a battery? 

2. What causes the internal resistance of a battery? 

3. If a 6-volt battery has an internal resistance of 0.1 ohm, 
what is its output voltage when it is supplying a current of 
5 amperes? 

4. What is the output voltage of six 2-volt batteries connected 
in series aiding? What is the output voltage if they are 
connected in parallel? 

5. A battery has an ampere-hour rating of 80. What continuous 
current can it supply for 10 hours? 

6. For how long can the battery of Question 5 supply 4 am- 
peres of current continuously? 

7. How does temperature affect the current rating of a storage 
battery? 2 

8. Why are photovoltaic and thermoelectric ceils generally not 
used as power sources? 

9. What is a solar cell? 

10. Two cells, each with an internal resistance of 0.2 ohm, are 
in parallel. What is the overall internal resistance? 
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generators 


You have seen so far how three different forms of energy are converted 
into electrical energy. Batteries convert chemical energy ‘into electricity, 
photovoltaic cells convert light energy into electricity and thermocouples 
convert heat energy into electricity. You will now learn about devices 
that convert mechanical energy into electrical energy. These devices are 
called generators. 

Basically, a generator produces electricity by the rotation of a group 
of conductors in a magnetic field. The input to a generator, then, is the 
mechanical energy needed to rotate the conductors. This energy can be 
supplied by gasoline or diesel engines, steam turbines, electric motors, 
flowing water, or even atomic reactors. In fact, anything that can be 
used to make a shaft rotate can be the input to an electrical generator. 
The output of a generator is the emf induced in the conductors as they 
move through the magnetic field. Since a generator requires a magnetic 
field for its operation, a generator might also be defined as a device 
that converts mechanical energy into electrical energy by means of a 
magnetic field, or by magnetic induction. The principles of magnetic 
induction were covered in Volumes 1 and 3. 
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generators (cont.) 


Although generators are classified in many ways, there are only two 
basic types: dc generators, which have a d-c voltage output, and a-c | 
generators, which have an a-c voltage output. You will find that the 
principles of operation of the two types are similar in-many ways. 
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A water wheel is a source 
of mechanical energy 

A gasoline engine is a source 
of mechanical energy 


From the standpoint of the total amount of power produced, genera- — 
tors are the number one electrical power source used in the world today: 

No other practical power source can produce the large amounts of elec- 
trical power that generators can. This does not mean, though, that gen- 
erators are the best power source for all applications. They must be 
located at or near their source of mechanical energy, and unlike bat. 
teries, therefore, cannot be used in cases where portable power sources 

are required. In addition, they are often uneconomical for producing 
small amounts of power. 
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the basic d-c gerferator 


' A basic d-c generator has four principal parts: (1) a magnetic field; 
(2) a single conductor, or loop; (3) a commutator; and (4) brushes. 
The magnetic field can be supplied by either a permanent magnet or by 
an electromagnet. For now, we will assume that a permanent magnet is 
used. As shown, the magnetic) field can- be pictured as consisting of 


. magnetic flux lines that form a closed magnetic circuit. The flux lines - 


leave the north pole of the magnet, cross the air gap between the poles 
of the magnet, enter the south pole, and then travel through the magnet 
back to the north pole. 


The four principal parts of a 
basic d-c generator are (1) a 
magnetic field; (2) a single 
conductor, or loop; (3) a 
commutator; and (4) brushes 
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The single conductor is shaped in the form of a loop, and is positioned 
between the magnetic poles. The loop is, therefore, in the magnetic field. 
As long as the loop does not rotate, the magnetic field has no effect on 
it. But if the loop rotates, it cuts through the linés of magnetic flux, and, 
as you learned in Volumes 1 and 3, this causes an emf to be induced 
in the loop. 

You will learn that for each complete rotation of the loop, the ampli- 
tude and direction of the induced emf follows one cycle of a sine wave. 


"| As the loop rotates, therefore, a sinusoidal, or a-c, voltage is present at 


the ends of the loop. Since, by definition, d-c generators have d-c out- 
puts, the a-c voltage must be converted to dc. This is done by a commu- 
tator. The d-c output from the commutator is transferred to an external’ 
circuit by brushes: ^ 
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producing voltage 


At this point, let us review some basic generator theory introduced in 
Volumes 1 and 3. This theory applies not only to d-c generators, which 
you are studying now, but to a-c generators as well. 

Whenever there is relative motion between a magnetic field and à 
conductor, and the direction of motion is such that the conductor cuts 
the flux lines of the magnetic field, an emf is induced in the conductor. 
As far as generators are concerned, the magnitude of the induced emf 
depends mainly on the strength of the magnetic field, and the rate at 
which the flux lines are cut. The stronger the field, or the more flux lines 
cut in a given time, the larger is the induced emf. The direction or 
polarity of the emf is determined by the left-hand rule for generators. 
According to this rule, extend the thumb, index finger, and middle finger 
so that they all point at right angles to each other. Then, if you point 
the index finger in the direction of the magnetic field, and the thumb 
in the direction of motion of the conductor, the middle finger will be 
pointing. in the direction in which current flows. 

Applying the left-hand rule to the basic one-loop generator, you can 
see from the illustration that two emf's are induced in the loop as it 
rotates. These are induced on opposite sides of the loop, and have equal 
amplitudes. Their directions are such that they are in series with respect ` 
to the open ends of the loop. In effect, then, the amplitude of the voltage 
across the ends of the loop is twice the amplitude of the voltage induced 


in either side of the loop. 
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polarities 


You have learned that electron current flows from negative to positive 
in a circuit. However, the generator in itself is not a circuit. It is a power 
source. So, if you think back to what you learned in Volume 2, you 
should recall that electron current flow inside of power sources goes 
from positive to negative. 


The output polarities of the 
generator are established for 
the external current, which 
flows from negative to positive 


Essentially, the polarities are assigned to the generator to show how 
the electron current that is induced in the generator produces electric 
Charges at the output connections. You can see that the induced current 
Causes electrons to flow in a direction that produces an accumulation of 
electrons at one output terminal, and a deficiency of electrons at the 2 
other output terminal. Thus, the generator polarities are labelled accord- 
ing to the charges produced. Then, when a load is connected to the 
generator, current flows through the load from negative to positive, 
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As was mentioned, the basic d-c generator produces a sine-wave out- 
put that is converted to dc by the commutator. Neglecting the commu- 
tator for the moment, you can see from the illustration that one cycle 
of the sine-wave output is generated for each full rotation of the loop., 
When the plane of the loop is perpendicular to the magnetic field, the 
sides of the loop are passing between the flux lines. Hence, no flux lines 
are being cut, so the induced voltage is zero. This happens twice during 
each full rotation. 

When the plane of the loop is parallel to the magnetic field, the sides 
of the loop are cutting straight across the flux lines; so the induced volt- 
age is maximum, since the rate at which the flux lines are being cut is 
maximum. This also occurs twice during each full rotation. However, 
in one position of the loop, the maximum emf is in one direction, while 
M degrees later, it is in the opposite direction, following the left-hand 
‘tule. 

At all other positions of the loop, the sides of the loop are cutting th® 
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: Then the process is repeated. 
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commutator action 


The commutator, as you know, converts the a-c voltage generated in 
the rotating loop into a d-c voltage. However, it also serves as a means 
of connecting the brushes to the rotating loop. The way in which it con- 
verts ac into dc is directly related to its role of serving as a contact 
between the brushes and loop. 

You will recall that the purpose of the brushes is to connect the gen- 
erator voltage to an external circuit. To do this, each brush has to make 
contact with one of the ends of the loop. A direct connection is imprac- 
tical, since the loop rotates. So instead, the brushes are connected to 
the ends of the loop through the commutator. 

The commütator is made of two semicylindrical pieces of smooth con- 
ducting material separated by insulating material. Each half of the com- 
mutator is permanently connected to one end of the loop, and therefore 
the commutator rotates as the loop rotates. Each brush rests against one 
side of the commutator, and slides along the commutator as both it and 
the loop rotate. In this way, each brush makes contact with the end of 
the loop that is connected to the half of the commutator that the brush 


rests against. 
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two semicylindrical metal The brushes are made of soft, 
pieces separated by an conducting material that slides 
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Since the commutator rotates while the brushes are stationary, each 
. brush first slides along one half of the commutator and then along the 
Other, This means that each brush is first in contact with one end of 
the loop and then the other. The brushes are positioned on opposite sides 
of the commutator so that they pass from one commutator half to the 
other at the instant the loop reaches the point in its rotation where the 
induced voltage reverses polarity. So every time the ends of the loop 
reverse polarity, the brushes switch from one half, or segment, of the 
commutator to the other. In this way, one brush is always positive with 
respect to the other. The voltage between the brushes, therefore, fluctu- 
, ates in amplitude between zero and some maximum value, but it always 
has the same polarity. The fluctuating d-c voltage, then, is the output of 
the generator. 
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commutator action (coni. ) 
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The action of the commutator and brushes in producing a fluctuating 
d-c output is shown on the following page. An important point to notice ` 
is that as each brush passes from one commutator segment to the other, 
there is an instant during which they contact both segments. The induced 
voltage at this instant is zero. If it were not, damagingly high currents 
would flow in the loop, since the brushes are effectively shorting the 
ends of the loop directly together. The position of the brushes so that 
they contact both commutator segments when the induced voltage is 
zero is called the neutral plane. 

If you study the diagram, you will see that the left-hand brush i$ 
always connected to the side of the loop that is moving downward. This 
makes the left-hand brush always positive, as you can verify by the 

- left-hand rule. Similarly, the right-hand brush is always connected tO 
the side of the loop that is moving upward. This makes the right-hand 
brush always negative. So instead of the output voltage reversing polarity 
after one-half revolution, the voltage output for the second half revolu- 
tion is identical to that of the first half. The commutator and brushes 
dr cong the nde ae me pulsating dot ler capac i 

: e brushes, a more steady d-c voltage close to the peak 

amplitude would be produced. If a choke input filter were used, the out 

pt lag oud be the average lev i ang d Een vin 
> ge is considered to be the output. 
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increasing the number of loops 


As shown on the previous page, when no filter is used, the output of 
the basic single-loop generator is a fluctuating d-c voltage that reaches 
its peak amplitude and falls to zero twice during each full rotation of 
the loop. This variation in the output voltage is called ripple, and makes 
the output unsuitable for many uses. The variation, or ripple, in the 
output voltage can. be reduced by using two rotating loops, positioned 
at right angles to each other. Each end of both loops is connected to a 
separate commutator segment, so the commutator has a total of four 
segments. There are still only two brushes, and they are positioned so 
that as the loops and the commutator segments rotate, the brushes make 
contact with the commutator segments first for one loop and then for 
the other. 

For each loop, the brushes and commutator segments perform the 
same function they do in the single-loop generator. That is, one brush 
is always in contact with the end of the loop that is negative, and the 
other brush is always in contact with the end of the loop that is positive. 
Thus, the a-c voltage induced in the loop is converted to a fluctuating 


d-c voltage. 
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The voltages induced in each loop are equal, but 90° out of phase. When 
the loops reach the point in their rotation where their voltages are 0.707 
of peak, the brushes switch from the commutator segment for the loop 
with the decreasing voltage to the loop with the increasing voltage 
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There is one important difference in the two-loop generator, however. 
It is that one loop is always 90 degrees of rotation behind the other. So 
when the voltage in one loop is decreasing, the voltage in the other is 

' increasing, and vice versa. And the position of the brushes is such that 
as the loops and commutator rotate, the brushes are always in contact 
with the commutator segments of the loop that has the greatest induced 
voltage. As the voltage in one loop drops below the voltage in the other 
loop, the brushes pass from the commutator segments of the loop with 
the decreasing voltage to the segments of the loop with the increasing 
voltage. This switching occurs four times during each full rotation of 
the two loops, and because of it, the generator output voltage, which 
'appears between the two brushes, never falls below a value 0.707 times 
the peak amplitude of the voltage induced in either loop. This d-c output 
needs less filtering than the single-loop generator. 

You should notice here that although the use of two separate loops 
decreases the fluctuation in the output voltage, it has no effect on the 
peak output voltage. The average output, though, is higher. 
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You have seen how by using two separate loops instead of one, the 
ripple in the generator output voltage can be reduced By using more 


and more separate loops, the ripple can be further reduced, and the 
output voltage of the generator made very nearly steady dc. Little or no 
filtering would then be needed, and the : 
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increasing 
the number of loops (cont.) 


For every separate loop that is added, two more commutator segments 
must also be added; one for each end of the loop. Thus, there is always 
a two-to-one ratio between the number of commutator segments and the 
number of separate loops. Four segments are needed for two loops, six 
segments for three loops, and so on. Actual d-c generators contain many 
separate loops, and twice as many commutator segments. Therefore, if 
you were to count the number of segments on any generator, you know 
that there are half as many separate loops. 

The output waveform of a generator having four separate loops is 
shown. Again, you should note that although increasing the number of 
separate loops decreases the variation between the maximum and mini- 
mum output voltage, it does not increase the peak output voltage, only 
the average. 

In practical generators, the loops and the commutator together are 
usually called the armature, and sometimes the rotor. The armature, 
then, in this type of generator is the part that rotates. 


Every additional loop requires two 
additional commutator segments 


The commutator segments and brushes convert Individual Loop Voltages 
the induced a-c voltages into fluctuating d-c 
voltages, the same as the single-loop genera- 
tor. However, the brushes are only in contact 
with the segments for the short period when 
the voltage in that loop is close to its peak 
value 


The average output voltage 
between the brushes is, 
therefore, close to the peak 
value of the individual loops 
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An armature coil consists of many 
Direction turns of wire, with the two ends 
of Rotation = connected to commutator segments 


EMF EMF EMF EMF 


iH] 


The individual voltages induced in each 
lum are all in series, so their sum appears 
between the brushes 


raising output voltage 


In the basic d-c generator described, the output voltage amplitude is 
the same as that induced in each separate rotating loop, and is very 
small. You will recall that the amplitude of the voltage in each loop is 
determined by the rate at which the loop cuts the magnetic flux lines; 
and this, in turn, depends on the strength of the magnetic field and the 
Speed at which the loop rotates. You might think, therefore, that the 
voltage could be increased by increasing the strength of the magnetic 
field or the speed of rotation, or both. Both of these measures, though, 
are impractical beyond certain limits. 

Instead, the output voltage of a d-c generator can be increased to a 
usable level by having each rotating loop consist of many turns of wire 
rather than a single turn, These multiturn loops are called armature 
coils, or just coils, Each coil has two ends, and requires two commutator 
segments, the same as a simple one-turn loop. The total voltage induced 
in a coil, though is the sum of the individual voltages induced in each 
turn. The armature coils used in actual generators often have many 


ils determines the amount of ripple in 
the output. 
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producing the magnetic field | 


As was mentioned, the magnetic field of a d-c generator can be sup- j 
plied by either a permanent magnet or an electromagnet. Permanent 
magnets are all right for simple generators, but they have certain limi- 
tations for use in most practical generators. Their principal limitations 
are their size and weight requirements, and their lack of regulation over 
the generator output. 


To provide magnetic fields of the Since the strength of their magnetic field 

required strength, permanent magnets is fixed, they cannot provide any 

must be relatively large and heavy regulation of the generator output 
voltage 


Electromagnets can produce much stronger magnetic fields than can 
permanent magnets of the same size and weight. Furthermore, electro- 
magnets have properties that make it possible to regulate the generator 
output voltage to compensate for changes in load and speed. You will 
learn more of this later. Because of these factors, the use of permanent 
magnets in generators is limited. Most of the generators you will encoun- 
ter will have their magnetic fields supplied by electromagnets. Those 
generators that do use permanent magnets are usually small and have 
low outputs. They are often called magnetos. 


Flux 4 
Lines =; (Gane) Winding 
soft tron GS 
Core = = ji rey 
c 7 
| 


The magnetic field in most _ 


The coil is usually wound 
generators is provided by 


around a soft iron cote, which 


(G D) 
electromagnets. The current concentrates the flux lines and 
through the coil produces a To increases the strength of the 


Magnetic field similar to that Source field 
of a bar magnet Voltage 
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summary 


EJ A generator converts mechanical energy into: electrical energy by the rota- 
tion of a group of conductors in a magnetic field. [] Basically, there are two 
types of generators: dc and ac. O A-simple d-c generator consists of a mag- 
netic field, a conductor in the form of a loop, a commutator, and brushes. 
^E] The magnetic field of a generator can be produced by either a permanent 
magnet or an electromagnetic. [] Most generators use electromagnets, since 
they can produce stronger fields than permanent magnets, and also provide a 
means for regulating the generator output voltage. 


D As the loop of a simple generator rotates, it cuts the flux lines of the mag- 
netic field. As a result, an emf is induced in the loop. O The emf induced in 
a single loop is in the form of a sine wave. O The sine-wave voltage induced 
in the loop is converted to fluctuating dc by the commutator and brushes. 
L] For proper commutation to take place, the brushes must be positioned in 
the neutral plane. t] The amplitude variation in the d-c output voltage of a 
single-loop generator is called ripple. ( Ripple «tan be reduced by. using 
more than one single rotating loop. Every loop requires two commutator 
segments. Thus, there is always a two-to-one ratio between the number of 
commutator segments and the number of separate loops. 


EL] In actual generators, each rotating loop often consists of many turns of 
wire. These multiturn loops are called armature coils. The total voltage 
induced in each armature coil is the sum of the individual voltages induced in 
each turn. [] The number of turns in each coil determines the amplitude of 


the generator output. The number of coils determines the amount of ripple 
in the output. 


review questions 


- What is the left-hand rule for generators? 


- What is the purpose of the commutator and brushes? 
. What is the neutral plane? 


. Which has the smaller ripple: a generator with two arma- 
ture coils, or one with four armature coils? 


: If a generator has eight commutator segments, how many 


separate armature coils does it have? 

- What factors determine th 

. What is a magneto? 

- Will increasing the numb 
affect the amount of ri 

- Does the number of 


€ output voltage of a generator? 


er of turns in the armature coils 
pple in the output of a d-c generator? 
r armature coils affect the number of 
pee required for a d-c generator? 

- What would happen if the bru i 
shes w iti m 
the neutral plane? e roe 
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the field winding. 


The electromagnets used to produce the magnetic field of a generator 
are called field coils. In a simple generator, there are two field coils posi- 
tioned so that their magnetic fields combine to form one magnetic cir- 
cuit. As shown, the field coils are wound around cores, called pole pieces, 
that are part of the generator housing. The two pole pieces are separated 
by a space or gap into which the armature is placed. The closed magnetic 
circuit is from the “north” pole piece; across the gap to the “south” pole 
piece, and then through the housing back to the north pole piece. The 
generator housing, like the pole pieces, is made of material having good 
magnetic properties, so it helps increase the strength of the magnetic 


.field. There is no electrical connection between the field coil and the 


pole pieces or generator housing. They form only a magnetic circuit. 


The field winding supplies the magnetic field required by the generator. 
It is made up of the individual field coils, and is energized by a d-c 
voltage source D 


Generator 
Housing 
To 
Voltage Source 
t The strength of the magnetic field set up by the field winding depends not 


he physical construction of the field coils, but also on the current 
pp tb the winding. The greater the current, the stronger will be 


the field 


The two field coils are wound in series, and so are energized by the 
same voltage source. This voltage source is de, and as a result, the 
magnetic field produced by the field coils is always in the same direction. 
Both field coils together are called the field winding. 


E 
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multiple field windings 


The simple generator has two field coils, and therefore two poles: one 
north and one south. This is a two-pole generator. Many actual genera- 
tors have four poles, six poles, and so on. No matter how many field 
coils there are, the total number of poles is always an even number, 
since for every north pole there must be a south pole. 

One reason for having more than two field coils is that by increasing 
the number of field coils, or poles, the size and weight of the generator 
can be reduced while its output remains the same. In a two-pole genera- 
tor, half of the flux lines must pass through the width or thickness of 
the armature core, which is a magnetic material. The armature core 
must be thick enough to prevent magnetic saturation. 


Two-Pole Generator 


The more poles there are, the more paths 
there are for the magnetic flux lines. 
Armature Less flux lines, therefore, follow each 
path, so thinner material can be used for 
A those parts of the generator that make 
Flux up the magnetic circuit 


Six-Pole Generator 


Armature 
Core 


Flux 
Steel 3 Generator Dijes 
(Anti magnetic) Housing 
Armature Steel 
Shaft (Antimagnetic) 
Armature Shaft 


Generator — 7 


Housing 


In a six-pole generator, onl 


Y one-sixth of the flux lines have to pass. 
through the thickness of the i 


types of armature windings, thi 


t t e output voltage of th rator can be 
increased. This is covered later, : B 
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Since the field winding is an electromagnet, current must flow through 
it to produce a magnetic field. For proper operation of a d-c generator, 
the magnetic field of the field winding must always be in the same direc- 
tion, so the current through the winding must be dc. This current is 
called the excitation current, and can be supplied to the field winding 
in one of two ways; it can come from a separate, external d-c voltage 
source, in which case the generator is called a separately excited gen- 
erator; or it can come from the generators own output, in which case 
the generator is called a self-excited generator. The excitation source for 
separately excited generators can be a battery or another d-c generator. 
When a generator is used, it is called an exciter. : 

In a self-excited generator, the field winding is connected directly to 
the generator output. It may be connected across the output, in series 
with the output, or a combination of the two. The way in which it is 
connected determines many of the generator's characteristics. 

Since separate excitation requires a separate battery or generator, it is 
generally more expensive than self-excitation. As a result, separate exci- 
tation is normally used only when self-excitation would be unsatisfactory. 
This occurs in cases where a generator must respond quickly and pre- 
cisely to an external control source, or when the generator output voltage 
must be varied over a wide range during normal operation. 

Since the excitation current through the field winding produces the 
magnetic field for the generator, the larger the excitation current the 
stronger is the magnetic field. This means that for any given speed of 
generator rotation, a large excitation current results in a high generator 
output voltage, while a small excitation current causes a low output volt- 
age. This is true whether the excitation current comes from an outside 
source, as in a separately excited generator, or from the generator's own 
output, as in a self-excited generator. 


This is the symbol This is the symbol for a separately 
for.à d-¢ generator. excited dic generator 
At = 
| X bá 
| ES T 


eüerator:ts separately excited if the:fleld winding current ‘comes 
fag external att It s.self-excited if the fletd winding client 
comes fromthe generator sown outputs The symbols used lor selfexcited 
generators depend,onhow the Held winding js connected to the generator 


output 
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series generators 


When the field winding of a self-excited generator is connected in 
series with the generator output, the generator is called a series genera- 
tor. The exciting Current through the field winding of such a generator 
is the same as the current the generator delivers to the load. If the load 
has a high resistance and so draws only a small current from the gen- 
erator, the excitation current is also small. This means that the magnetic 
field of the field winding is weak, making the generator output voltage 
low. Similarly, if the load draws a large current, the excitation current 
is also large, the magnetic field of the field winding is strong, and the 
` generator output voltage is high. You can see then that in a series gen- 
erator, changes in load current greatly affect the generator output volt- 
age. A series generator is thus said to have poor voltage regulation, and, 
as a result, series generators are not recommended for fluctuating loads. 


d This is the symbol for 
‘a series generator 


This is a diagram of 
a series generator 


Generator 
Output 


| In a series generator, the field winding is connected in series with 
the generator output. Therefore, the same current that flows 
through the load flows through the field winding 


The graph on the next page shows how the output voltage of a series 


generator varies with increasing load current. You will notice that as the 
load current increases, the output voltage 


i i ge also increases, up to a certain 
point. After that point, further increases in current result in a decrease 
in the output voltage. - 
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Field 
Saturation 


Up to a certain point, the out- 
put voltage of a series gener- 
ator increases with the load 
curtent 


Output Voltage 


After this point, the voltage 
decreases with increases in 
load current 


0 Load Current 


Since the output voltage varies with load current, a series 
generator has poor voltage regulation 


series generators (cont.) 


The point where the voltage no longer increases corresponds to the 
point of magnetic saturation of the field winding. This occurs, as you 
will recall from Volume 3, when the core material, which is the pole 
pieces in this case, is completely magnetized. The magnetic flux can- 
not increase any further, regardless of how much more the current 
through the winding is increased. The reason why the output voltage 
drops after this point instead of staying constant at its maximum value, 
is because of the increased voltage drop of the field winding and arma- 
ture coils. The voltage drop increases because of the increasing current, 
but the generated voltage stays the game; And since the output voltage 
equals the generated voltage minus the internal voltage drop, the output 
voltage must therefore decrease. Another reason for the decrease in the 
output voltage is that armature reaction increases. This Will be described 
later. : FAH ; 
A further disadvantage of the series generator, besides its poor voltage 
regulation, is that the field winding must be wound with wire that can 
Safely carry the entire load current without overheating. This requires 
wire with a relatively large cross-sectional area. 
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shunt generators 


When the field winding of a self-excited generator is connected in 
parallel with the generator output, the generator is called a shunt gen- 
erator. The value of the excitation current in a shunt generator depends 
on the output voltage and the resistance of the field winding. Usually, 
the excitation current is kept somewhere between 0.5 and 5 percent of 
the total current drawn from the generator. 


This is the symbol for 
a shunt generator 


This is a diagram of 


Generator 
a shunt generator 


Output 


In a shunt generator, the field winding is connected in parallel with, 


ph ca Perera ncnteat The exciting current, therefore, 
j j: ue of i 
field winding e output voltage and the resistance of the 


The output voltage of a shunt generator running at constant speed 
under varying load conditions is much more stable than the output 
voltage of a series generator. However, some change in output voltage 
still takes place. This change is caused by the fact that when the load cur- 
rent increases, the voltage (IR) drop across the armature coil increases; 

. and this causes the output voltage to decrease. As a result, the current 
through the field winding decreases, decreasing the sss field and 
thereby causing the output voltage to decrease even more. If the current 
drawn by the load is much greater than a shunt generator is designed 
to deliver, the drop in output voltage is extreme. However, for load 


d changes within the design range, the drop in output voltage 
with increasing load current is not too severe, 


shunt generators (cont.) 


The fact that their output voltage drops as load current increases, 
provides shunt generators with a self-protective feature. If the load 
should be suddenly "shorted," the output voltage would drop to zero. 
No excitation current, therefore, would flow through the field winding. 
so the generator would, in effect, be disabled. 


The output voltage of a shunt generator drops gradually with 
increasing load current within its normal operating range 


Output Voltage 


t Load Current 


he output voltage drops drastically if the load current in- 
Lei SiS abo the rated full-load value 


The change in the voltage output of à shunt generator with changes 
in load current is also caused to some extent by a change in the armature 
reaction, the same as was previously mentioned for series generators. 

VS : 


Armature reaction is covered later. ] 

Compared to series generators, the excitation current in shunt. gen- 
erators is very small. Thin wire can, therefore, be used for the field 
winding. In actual shunt generators, the field coils consist of many turns 


of small-diameter wire. 
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compound generators 


Both series and shunt generators have the disadvantage in that changes 
in their load current from zero to normal full-load cause their output 
voltage to change also. In a series generator, an increase in load current 
causes an increase in output voltage; whereas in a shunt generator, an 
increase in load current causes a decrease in output voltage. Many 
applications in which generators are used require that the generator 
output voltage be more stable than that supplied by either a series OY 
a shunt generator. One way to supply such a stable voltage is by using 
a shunt generator with some form of voltage regulation. Voltage regu- 
lation of generators is covered later. Another means of supplying a stable 
voltage is by using a compound generator. 


A compound generator has both series and shunt 
field windings 


Series Generator > Shunt Generator 


For any change in load current, 
the magnetic field of one of 
the windings increases, while 
that of the other decreases 


A 
(ec) Generator Output 
CT 
The overall magnetic field of 
This is the the two windings, therefore, 
symbol for a 


remains relatively constant, 
compound generator This is a diagram of and thus maintains a stable 


a compound generator output voltage 
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Over-Compounded The 


Flat-Compounded p 


Whether a compound 
generator’ is flat- 
compounded, over- 

4 compounded, or under- 

| compounded, the output 

Under-Compounded I voltage drops off sharply 
when the Joad current 
exceeds rated full load 


Output Voltage 


Load Current 


compound generators (cont.) - 


The two windings of the compound generator are made so that their 
magnetic fields aid each other. Thus, when the load current increases, 
the current through the shunt field winding decreases, reducing the 
strength of its magnetic field. But the same increase in load current 
flows through the series field winding, increasing the strength of its 

‘magnetic field. : FN é 

With the proper number of turns in the series winding, the increase 
in strength in its magnetic field will compensate for the. decrease in 
strength of the magnetic field of the shunt winding. The overall strength 
of the combined magnetic field, therefore, remains almost unchanged, 
so the output voltage stays constant. Actually, the two field windings 

' cannot be made so that their magnetic fields exactly compensate for 
‘one another. Some change in output voltage will take place as the gen- 
nt varies from no-load to full-load value. However, as shown . 
in the graph, in practical compound generators, the output voltage at 
no load and full load is the same, and the change that takes place 
between no load and full load is less than about 5 percent. A generator 
with these characteristics is said to be Breeds. 

For some applications, the series winding is made so that it over- 
compensates for the shunt winding. The generator output voltage then 
gradually increases with increasing load current over the normal operat- 
ing range. Such à generator is over-compounded. Similarly, the series 
winding can be made so that it under-compensates for the shunt wind- 
ing. The output voltage of this type of generator decreases gradually with 
increasing load current. This type of generator is under-compoünded. 


erator curre! 
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starting self-excited generators 


At the instant any generator is started, both its output voltage and 
Current are zero. You may wonder, therefore, how a self-excited genera- 
tor can begin to develop an output voltage. With no voltage across the 
field winding or current through it, how does the winding produce the 
magnetic field that it must have if the generator is to operate? The 
answer lies in the residual magnetism of the pole pieces. Whenever 
magnetic materials have been magnetized, they hold a small portion of 
this magnetism even after the magnetizing influence is removed. 


Strong Magnetic Field ~—Weak Magnetic Field 


Generator Running 
(Armature Not Shown) 


Generator Stopped 
(Armature Not Shown) 


The residual magnetism of the pole pieces The residual.magnetism is caused by the 
makes it possible to start a self-excited 


fact that even when the magnetizing 
generator even though no exciting current current is removed, the pole pieces re- 
flows through the field windings at the main slightly magnetized 
instant the generator is started à 


rated c " 
the time a selfexcited generator i 


turned on until it reaches its rated output. 
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summary 


Electromagnets used to produce the magnetic field of a generator 

called field coils. Field coils are wound around pole pieces A IUE 
generator has two field coils, and is called a two-pole ENIN All of as 
field coils together are called the field winding. The current that excites ds 
field winding of a d-c generator must be dc. In a separately excited ge 5 
erator, the excitation current is supplied by an external d-c voltage M 
E] In a self-excited generator, the excitation current is supplied by the 


generator's own output.. 


E] There are three types of self-excited generators: series, shunt, and com- 
pound. In a series generator, the field winding is connected in series with 
the generator output. A series generator has poor voltage regulation. 
E1.In a shunt generator, the field winding is connected in parallel with the 
generator output. Shunt generators have better regulation and much 
smaller excitation current than series generators. If the load on a shunt 
generator is shorted, the output voltage will drop to zero. This provides the 
shunt generator with a self-protective feature. (1 A compound generator has 
two field windings: one connected in series with the output, and the other 


in parallel with it. 


A compound generator has good voltage regulation, with the change in 
output voltage between no load and full load being less than about 5 percent. 
E] A self-excited generator is self-starting because of the residual magnetism 


of the pole pieces. 


review questions 


. What is excitation current? 

. Why must the excitation current in a d-c generator be dc? 

. What is a self-excited generator? A separately-excited gen- 
erator? 

. Why does a series generator have poor voltage regulation? 

. Why are shunt generators said to be self protective? 

. Why must heavy wire be used for the field windings of 


series generators? 

. What is a compound generator? 

. What is an over-compounded generator? An under-com- 
pounded generator? f 

. When a self-excited generator is started, why does it take 
some time for it to reach its rated output? 

. In a compound generator, do the magnetic fields of the two 
windings aid or oppose each other? 
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` the armature winding 


Each armature coil is wound in slots on 
the drum core, and the two ends of the 
coil are connected to commutator 
segments 


ature 
Coil 
Commutator 


The arrangement used in connecting the coils 
lo the commutator determines the particular 
lype of winding. The voltage and current 
characteristics of a generator depend on the 
lype of winding used 


Just as the combined field coils make up the field winding, the com- 
bined armature coils are called the armature winding. The ends of each 
armature coil are connected to different segments on the commutator, 
where its emf is picked up by the brushes. The coils of all modern gen- 
erator armatures are wound on an iron core that is shaped like a drum. 
The core provides a means for rotating the coils, and, at the same time, 
is a good low-reluctance path for the flux lines of the magnetic field set 
up by the field winding. The core has slots along its length, and the coils 
are wound in these slots. The two sides of each coil are positioned in 
different slots. A typical drum core with one three-turn armature coil in 
place is shown. 

The ends of the armature coils can be connected to the commutator 
segments in many different ways. The arrangement used determines tO 
A large extent the voltage and current characteristics of the generator. 
For practical purposes, all of the different arrangements can be divided 
imta two main types: lap windings and wave windings. When lap or wave 


windings are combined, it is called a frog-leg winding, because of the 
shape that is produced, : i; 
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lap windings 


Lap windings get their name from their winding diagrams, which 
represent the connections between the armature coils and the commu- 
tator segments. On these diagrams, each coil of a lap winding overlaps 
the previous coil. The two ends of any one coil in a lap winding are 
connected to adjacent commutator segments, and each commutator 
segment connects the ends of two adjacent coils. This has the effect of 
placing all those coils under similar pairs of poles in parallel. If the 
field winding has only one north and one south pole, this means that 
there are two parallel paths through the armature winding. If there are 
two north and two south poles, there are four parallel paths. This is a 
basic characteristic of lap windings: there are the same number of 
parallel paths through the armature winding as there are field poles. 


Single Lap Coil 


Three Lap Coils 


Commutator 


The voltages induced in the coils in each of the parallel paths are 
equal and have the same polarity, so no circulating current flows among 
the parallel paths. There is one set of brushes for each two parallel 
paths, and they are electrically connected (negative to negative and posi- 
tive to positive) at the generator output. The output voltage is, therefore, 
equal to the voltage induced in any one of the parallel paths, but the 
Current capacity is large. since the current divides among many paths : 
inside of the generator. Lap windings, therefore, sacrifice voltage output 


for current capacity. 


E 
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Four-Pole Lap-Wound Armature 


lap windings (cont.) 


In summary, lap windin 
parallel paths as there are 
in any one of these parall 
that path. The total voltagi 


current, though, is the sum of the currents flowing through each set ° 
brushes. 
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One-Wave Coil 


wave windings 


In a wave winding, the two ends of each armature coil are not con- 
nected to adjacent commutator segments as they are in lap windings. 
Instead, one end of each coil is connected to a segment a distance equal 
to two poles away from the segment to which the other end of the coil 
is connected; again, each commutator segment is connected to the ends 
of two different coils, but the coils are on opposite sides of the armature. 
This has the effect of placing all those coils under similar pairs of poles 
in series. There are, therefore, only two parallel paths through the arma- 
ture winding, regardless of the number of poles. 


Six-Wave Coils 


The individual coil voltages add in each path, and since there are only 
two paths, there are more coils per path than there are in a comparable 
lap winding. The total voltage induced in each path, therefore, is rela- 
tively high. The current capacity of a wave winding, though; is lower 

' than that of a lap winding because there are only two paths for current 
through the winding. You can see, then, that whereas a lap winding 
Sacrifices output voltage for current-carrying capacity, a wave winding 
Sacrifices current-carrying capacity to achieve high voltage. 
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wave windings (cont. ) 


For the same number and size of armature coils, a wave winding will 
produce a voltage equal to that produced by a lap winding times the 
number of pairs of poles. But the current capacity is decreased in the 
same proportion that the voltage is increased, For a simple two-pole 
generator, it makes no difference whether a lap or wave winding is used. 
There are two parallel paths through the winding in either case, so the 
output voltage and current capacity will be the same. 


Four-Pole Wave-Wound Armature 
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the neutral plane 


You will recall from the discussion on the basic commutator that 
whenever a brush makes contact with two commutator segments having 
a coil connected between them, the brush short-circuits the coil. If a 
voltage was being induced in the coil at this time, a large current would 
flow through. the coil and probably burn it out. To prevent this, a coil 
must only be shorted by a brush, or commutated, when its induced volt- 
age is zero. The points in its rotation where a coil has zero induced 
voltage lie along what is called the neutral plane. As Shówn for a two- 
pole generator, the neutral plane is perpendicular to the flux lines and 
midway between the pole pieces. 


Neutral 
Plane t 
Brush 
The neutral plane is 
[- theoretically where the 
armature coils cut no flux 
lines, and so have no voltage 
zv induced in them 


Brush DOR F 


During operation, the neutral plane tends to shift to a new 
position. Because of this, the theoretical neutral plane is 
called the mechanical or geometrical neutral plane 


Mechanical 


New 
Neutral Neutral 
Plane 7 2M 
Plane 
3 
è 
Armature reaction and self- - 4 
induction of the armature coils e 
tend to shift the position of the » 


Neutral plane 


The neutral plane is the same for all coils, with each coil passing 
through it twice as the armature makes one complete rotation. Theoreti- 
Cally, then, perfect commutation will take place if the generator brushes 
are located in the neutral plane. In actual practice, though, the position 
9f the neutral plane tends to shift when the generator is running. The 
brushes, therefore, either have to be moved to the new position of the 
Neutral plane, or something must be done to prevent the plane from 
Shifting, The two causes of this shifting of the neutral plane are armature 
Teaction and self-induction of the armature coils. 


* 
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armature reaction 


When a generator supplies current to a load, the same current that 
flows through the load also flows through the armature winding. This 
causes a magnetic field to be built up around the conductors of the 
armature winding, since current through any conductor will produce 4 

- magnetic field. The magnetic fields around the individual conductors of 
the armature winding combine to produce an overall magnetic field. 
There are thus two magnetic fields in the space between the generator 
pole pieces. One is the field caused by the current through the armature, | 
and the other is the main magnetic field produced by the field winding. 

It is characteristic of magnetic fields that their flux lines cannot cross; 
instead, they combine to produce a new, total magnetic field. The total 
field of the two individual fields between the generator pole pieces has 
a direction as shown. This is the actual field cut by the armature coils 
as the armature rotates. Zero voltage is still induced in each coil when 
it cuts no lines of flux, but the two points at which this occurs are no 
longer in the same place as they were when only the magnetic field of 
the field winding was considered. The two points have both been shifted 
in the direction of armature rotation. This means, therefore, that the 
neutral plane has been shifted in the direction of armature rotation. 

The neutral plane shift depends on the strength of the magnetic field 
set up around the armature winding by the load current. The larger the 
load current, the more the neutral plane shifts. The direction of shift 
though, is always the same as the direction of rotation. You can see; 
then, that if the load is constant, the brushes can be positioned at the 
new location of the neutral plane and left there. But if the load on the 
generator changes frequently, the brushes must constantly be changed 
to the new position of the neutral plane if good commutation is to take 
place. This is obviously a troublesome procedure. 


New 
Neutral Neutral Neutral | 
Plane Plane 


Direction Plane 
of 
Rotation 


^ Magnetic field produced m 
by current through - : SUE field produced 
armature winding y field winding 


3 : d 
Combined magnetic no 
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self-induction of armature coils - 


You have seen how the neutral plane is shifted in the direction of 
rotation by the effect of armature reaction. If you know the exact amount 
of this shift, and were to set the generator brushes accordingly, you 
would actually still not get perfect commutation. This is because of self- 
induction of the armature coils. 

When the current through a coil tends to drop to zero at the point 
where the coil is cutting no flux lines, the magnetic field around the coil 
collapses. You should recall from Volume 3 that this causes a self- 
induced voltage, which has a polarity that keeps the current flowing, 
instead of allowing it to drop instantly to zero. This self-induced voltage, 
then, appears between the commutator segments when the coils are in 
what is supposedly the neutral plane. Although the self-induced voltage 
is small, it can cause a large current because of the low resistance of 
the commutator segments, the brushes, and the coil. This means that 
the voltage in a coil is not zero until sometime after the coil has passed 
the point in its rotation where it is cutting no flux lines. 


Mechanical Commutating 


Neutral Plane 
Plae > E 


In addition to the shift of the 
neutral plane caused by arma- 
ture reaction, there is a fur- 
ther shift caused by the self- 
induction of the armature 
coils. Both shifts are in the 
direction of rotation 


Effectively, then, the self-induced voltage has further shifted the neu- 
tral plane in the direction of rotation. This new posítion of the neutral 
plane is often called the electrical neutral plane, or the commutating 
plane. 

If the generator brushes are located in this plane, good commutation 
Will result. Like armature reaction, the shift in the neutral plane caused 
by self-induction of the armature coils is proportional to the load current. 
Therefore, as was mentioned before, good commutation can only be 
Obtained if the load current is constant, or if the position of the brushes 
is changed every time the load current charges. 


A OSA T 
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Two-Pole Generator With Interpoles 


Direction of Rotation 


Interpoles 


Generator 
SN Tess 
Interpoles are connected in 
Series with the armature 
winding so that their 
magnetic fields oppose the 
field of the armature-winding 


Interpoles completely elim- 
inate the shift of the neutral 
plane due to self-induction 
of the armature coils, and 
partly eliminate the shift 
due to armature reaction 


Interpoles are small windings located at 
the mechanical neutral plane 


interpoles 


When a generator is to supply a variable load current, some provision } 
must be made to keep the neutral plane from shifting as the load cur-, 
tent changes. Without such a provision, constant changing of the posi- 
tion of the brushes would be required. One way of keeping the actual | 
neutral plane close to the mechanical neutral plane despite changes in 
load is by the use of interpoles. As shown, interpoles are small wind- 
ings located at the mechanical neutral plane. The windings are wound 


around pole pieces that are part of the generator housing. The interpole | 
windings are connected in series with t 
current causes a m 

The directions o. 
magnetic field ar 
poles. With no 


rule, yo i 
you will see tha polarity must be the same as the 
next field pole in the direction of rotation 
Interpoles are self | 


regulating. When the ] 
oad current incr 
neutral plane tends to shift in the direct 


i 4 me 
i lon of rotation. But, at the $2 
time, the field of the i i $ 2 
i nterpoles in à oses 
the shift. P Creases in strength, and so OPP 
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compensating windings 


Interpoles cannot eliminate armature reaction because they are located 
only at the neutral plane while armature reaction takes place all around 
the armature. But, if interpoles were placed all around the armature, 
armature reaction could be eliminated. In effect, this is what is done by 
compensating windings, which are small windings set in the main pole 
pieces. The compensating windings are in series with each other and 
with the armature winding. 


Compensating windings are small series 
windings set in the main pole pieces 


Compensating windings are 
in series with the armature 
winding, and their current 
and magnetic fields are 
opposite in direction to. 
those of the armature coils 


OPPOSING 
MAGNETIC 
FIELDS 


The compensating windings, 
therefore, cancel the mag- 
Netic field of the armature 
winding and eliminate arma- 
ture reaction. They do not, 
however, completely elimin- 
ate the self-induction of the 
armature coils at the mechan- 
ical neutral plane 


As shown, the current in the compensating windings flows in the 
Opposite direction of the current in the armature coils that face them. 
Since the currents are opposite, the direction of the magnetic fields of 
the compensating windings and the armature coils are also opposite. 
This means that the field of the compensating windings cancels the field 
of the armature coils. By canceling the magnetic field of the armature 
Coils, the compensating windings eliminate armature reaction, but it 
does not do away completely with the self-induction of the armature coils. 

You can see that both compensating windings and interpoles elimi- 
Nate most of the shift in the neutral plane that would otherwise be 
Caused by load changes. Some variable load generators use compensat- 
ing windings, while others use interpoles. On very large generators, or 
those with wide load variations, compensating windings and interpoles 
are often used together. T 


r 
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regulating generator voltage 


The voltage produced by any d-c generator depends on three factors: 
(1) the number of conductor loops in the armature that are in series, 
(2) the speed at which the armature rotates, and (3) the strength of 
the magnetic field. For a generator to provide a constant voltage output 
under varying load, at least one of these three factors must be varied 
to-compensate for the voltage changes that the load changes would 
otherwise cause. During normal operation, neither the number of con- 
ductors in the armature, nor.their arrangement can be changed. It is 

_ also impractical to change the speed at which the armature rotates. 
The strength of the magnetic field, though, can be changed relatively 
» easily by varying the current through the field winding, and as a result, 
this is the method used mostly to regulate the output voltage of a 
generator. 


Voltage Regulators Are Often Voltage Regulator 
Used With Shunt Generators 


When used with shunt genera- 
‘tors, voltage regulators func- 
tion as variable resistors in Shunt 

series with the field winding. Field Generato 
They automatically adjust the Winding JUutp 
field current to compensate 


for changes in the generator 
output voltage 


You have learned how compound generators provide a relatively con- 
stant voltage because thefr field current automatically adjusts to com- 
pensate for changes in load current. By using auxiliary devices or circuits 


called voltage regulators, generators can be made to have output voltages 
even more stable than those of compound generators. Voltage regulators 


Vary widely in type and design; but they all perform two basic functions: 
they sense the generator ou 


tput: voltage, and they vary the current 
through the field winding in response to the output voltage. Thus, if 


the regulator senses that the voltage has dropped, it increases the field 
current to bring th 


E € voltage back to normal. Similarly, if the output volt- 
age rises, the regulator decreases the field current. Normally, voltage 


l the field current either by varying a resistance 1? 


eld, or one in Parallel with the field. 
; the regulating resistor is adjust 
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summary 


O In a lap winding, the armature winding is divided into as many parallel ` 
paths as there are field poles. One set of brushes is used for each two paths. 
Lap windings sacrifice voltage output for current capacity. O In a wave 
winding, all armature coils under similar pairs of poles are in series. There are, 
therefore, only two parallel paths through the armature. O Wave windings 
sacrifice current-carrying capacity for high voltage. D 


O The neutral plane is the point in the rotation of an armature where its 
induced voltage is zero. When a generator is running, the neutral plane 
tends to shift as a result of armature reaction and self-induction of the arma- 
ture coils. Armature reaction is caused by the magnetic field built up 
around the armature winding by the load current. [] Armature reaction shifts 
the neutral plane in the direction of armature rotation. © Self-induction of 
the armature coils prevents the coil voltage from instantly dropping to zero 
when the coil is cutting no flux lines. O The neutral plane is shifted further 
in the direction of rotation by the self-induction of the armature coils. [] The . 
new position of the neutral plane produced by armature reaction and self- ' 
induction of the armature coils is called the electrical neutral plane. Good 
commutation results when the generator brushes are located at the electrical 


neutral plane. 


O Interpoles are small windings located at the mechanical neutral plane. 
They are used to compensate for self-induction of the armature coils. Com- 
pensating windings are small windings set in the main pole pieces. They 
compensate for armature reaction. Voltage regulators are used to maintain 
a stable output voltage from a generator. 


review questions 


. What are the basic characteristics of a lap winding? 

. In general, does a lap or wave winding have a greater cur-* 
rent capacity? 

. What is the mechanical neutral plane? 

. What is armature reaction? 

. Can armature reaction be eliminated by holding the load 
current constant? 

. What is the electrical neutral plane? 

. How does self-induction of the armature coils affect the 
electrical neutral plane? 

. What are interpoles used for? 

. What are compensating windings? 

. If the output voltage of a generator tends to increase, what 
should be done to the current through the field winding to 
keep the voltage constant? 


B 
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construction 


The fundamental principles of operation of d-c generators have been 
described. You know the basic parts of a generator, the function of each 
of these parts, and the relationship each part has to the overall operation 
of the generator. Essentially, what you have learned is the electrical 
operation of a d-c generator. The physical construction has been covered 
only briefly. Very often, you will find that it is important for you not 
only to know how a generator works electrically, but to be able to recog- 
ize its various parts and be familiar with their physical construction. 


D-c generators vary widely according 
to their physical construction. 
Nevertheless, they all have certain 
basic physical similarities 


—  — 
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the armature 


The armature, or armature assembly as it is sometimes called, consists 
of all those generator parts that rotate. These parts are the armature 
shaft, the armature core, the armature winding, and the commutator. 
As shown, the core and the commutator are mounted on the shaft. 


- The winding is wound around the core, in slots, and the ends of the 


individual coils'that make up the winding are connected to the commu- 
tator segments. Although not shown, there is one other part that must 
be mounted on the armature shaft. This is the device or means for con- 
necting the armature to its driving source. Usually, this is accomplished 
by a gear or a belt and pulley arrangement. Or it could be' directly 
attached to the drive shaft of the driving source. 


COMMUTATOR 


The armature is made up of all those 
generator parts that rotate 


The armature core is drum-shaped, or cylindrical, and is made of soft 
steel. Instead of being one piece, the core is made of many thin pieces, 
cálled laminations. The laminations are coated with an insulating var- 
nish, and then are pressed together to form the complete core. Each 
lamination has notches around its edge, and when the laminations are 
combined to produce the core, the notches are aligned so that the core 
has slots along its perimeter. The reason the core is laminated is to 
reduce losses due to eddy currents, which you remember (Volume 3) 
are circulating currents that are induced in à conducting material when 
it cuts through magnetic flux lines. The laminations have the effect of 
greatly reducing the area in which the eddy currents can flow; and this 
means that the resistance of the material to eddy current flow is greatly 
increased. 
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One Core Lamination Laminated Core Mounted 
. on Armature Shaft 


The armature core is laminated to reduce edddy current losses. It is made 
of silicon steel to reduce hysteresis losses 


the armature (cont.) 


To reduce the hysteresis loss of the core, which you will recall (Vol- 
ume 3) occurs because the reversals of the magnetization of the core 
material actually lag the current reversals, practically all generators 
have cores made of soft silicon steel. This material has an inherently 
low hysteresis loss. 

The generator shaft is a rod made of hard steel, finished with a highly 
polished bearing surface. The method of mounting the core and the 
commutator on the shaft varies widely from generator to generator. 


j^ d 


Md Cord à Eddy Currents 
— in Laminated Core 


By laminating the core the edd f ivi 
H y currents a 
- currents, greatly decreasing the eddy BUE ed PLURES d 
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y Armature 
Insulating Segments 


Jacket 


Individual 
Loops 


Leads to 
Commutator 


The coils are wound in the 
slots of the armature core 


Each coil consists of one or more loops 
wrapped together in a common insulating 
jacket 


the armature winding 


Each of the coils that make up the armature winding are wound 
around the armature core, with the sides of the coils set into the slots 
in the core. In many armatures, the coils are first formed into their final 
shape, and then placed on the core. This is called form winding. All of 
the loops in a coil are wrapped together in a common insulating jacket, 
and each coil has only two leads for connecting to tbe commutator. 

The high portions of the core are called armature segments, and the 
number of armature segments between the two sides of a coil is directly 
related to the number of poles in the generator. The reason for this is 

. that, as you will recall, for maximum induced voltage, the two sides of 
a coil must be separated by the same distance that separates adjacent 
generator poles. Thus, if there are 24 armature segments and the two 
sides of each coil are 12 segments apart, it is a two-pole generator. Simi- 
larly, if there are 24 armature segments and the coil sides are 6 segments 
apart, it is a four-pole generator. By. dividing the total number of arma- 
ture segments by the number of segments between coil sides, you can 
determine the number of segments for which the armature was wound. . 

Wedges made of insulating material are placed in the core slots to 
hold.the coils in place. On some generators, steel bands are also placed 
around the armature to prevent the coils from being thrown out by 


Centrifugal force. 
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the commutator 


The commutator consists of individual segments made of nM 
copper and shaped as shown. The individual segments are ES ote: 
cylindrical form, and are held together by a clamping Seca ees e 
ments are placed in the wedge-shaped space between the two m VUE 
the clamping flange, and the flange bolts are then tightened, ho a SM 
segments rigidly in place. The segments are insulated from eac 


; 3 | 
with thin sheets of mica. They are also insulated from the clamping | 
flange with rings of mica. | 


Mica Collar 
NI or Ring 


Se 
Clamping Fiange Fiber 


Insulation 


The individual commutator segments are 
held together and mounted on the armature 
shaft by the clamping flange. The segments 


jj 
3 ica Insulation 
are electrically insulated from each other Ng 9 

and from the clamping flange 
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the brushes . 


The brushes transfer the generator output from the commutator to an 
external circuit. They are usually small blocks of a carbon and graphite 
compound. No lubrication should be used between the brushes and the 
commutator, since the graphite in the brushes provides self-lubrication. 
The brushes are set in holders and held against the commutators by 
springs. In many generators, the spring pressure can be adjusted. If 
the pressure is set too high, the brushes will wear out quickly. And if 
too low a pressure is used, poor electrical contact between the brushes 
and the commutator results. 

In many generators, the brushes are electrically connected to the 
brush holders by braided copper wires called pigtails; but in simple gen- 
erators, the close fit of the brush inside the holder provides the electrical 
connection, Connections to an external circuit are then made from the 
brush holders. The brush holders, although mounted on the generator 
frame, are electrically insulated from it. In many generators, the brush 
holders are not easily accessible. The brush holders are then usually 
connected to studs on the outside of the generator housing. 

Although the brushes are designed to be long lasting, they are made 
to wear out faster than the commutator, because it is cheaper and easier 
to replace the brushes than the armature. The brushes are usually made 
long so that they can wear down to a fraction of their length before they 
have to be replaced. The spring keeps moving the brush toward the 


commutator as it wears. 


Brushes Are Usually Made of Carbon and Graphite 


Adjustment for Spring Tension 


Brush Holder 
Spring Brush 


Access Screw 
Brush Holder Spring for Brush Pressure 


A Simple Brush Assembly An Elaborate Brush Assembly 


Brushes are held in holders, and are pressed against the commutator by springs. Good 
generators have a tension adjustment to allow proper brush contact with minimum wear 
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the field winding 


The field winding of a generator consists of the individual field coils 
wound around their cores, or pole pieces. The number of field coils 
depends on how many poles the generator has. In a two-pole generator, 
there are two field coils; in a four-pole generator, four coils; and so 
forth. The field coils are mounted on-the inside circumference of the 


generator housing with large countersunk screws that pass through the, 
housing and into the pole pieces. 


Laminated Pole Piece 


ONE LAMINATION OF 
A POLE PIECE 


Field Coil 


Lead Wire 


Slotted pole pieces are frequently usea 
to reduce shifting of the neutral ay nt 
on generators having relatively consta! 
loads. They are not effective under 
varying load conditions 


ONE LAMINATION OF A 
SLOTTED POLE PIECE 


. " T. 

The pole pieces are usually made of sheets of steel laminated toglie 

This decreases losses due to eddy currents. As shown, the pole pieces ta 
shaped to fit the curvature of the armature. The purpose of this 1S 


"n ` 1 eu 
keep the air gap between the pole pieces and the armature as smal 
possible, since air offers a r 


elatively high reluctance to magnetic ae 

lines. : 
The field coils are wound aroun 
sist of many turns of relativ 
Series windings, on the oth 
diameter Copper wire, also i 
must be large enough to c. 


d the pole pieces. Shunt windings Wer 
ely small-diameter insulated copper V! "2 
er hand, consist of a few turns of B 
nsulated. The wire used in series Mes 
arry the entire load current without overhe? 
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The generator housing provides mechanical edo for the parts that 
make up the generator. On many generators, it also provides protection 
against outside disturbances such as dust, dirt, and moisture. Most gen- 
erator housings consist of three parts: a field frame, and two end frames. 
The field frame supports the field coils, as well as the interpoles, if they 
ac used. It also serves as part of the magnetic circuit of the field wind- 
ing. Because of its magnetic function, ‘the field frame is made of iron 
or steel having good magnetic properties. The thickness of the frame 
depends on the degree of mechanical support it must provide, as well 
as the strength of the magnetic field it must carry. The end frames are 
mounted at either end of the field frame, and are either screwed or bolted 
to it. The armature bearings are set in recesses in the end frames. 


The housings of small generators consist of a field frame, two end 


frames, and some sort of base 


Field Frame = 


erators in use today, all of the generator 


Because of the wide variety of gen 
another. The end frames are 


parts vary in appearance from one generator to 
also called end bells 


methods used for mounting generators, with the 
e depending on factors such as the 


Size and use of the generator, and the type of source that is driving it. 
Probably the most common type of mounting is the simple base. This 
Consists of legs or other supports either attached to or part of the field - 
frame, and on which the generator sits. Another common mounting ` 
method consists of a flange or plate at the drive end of the generator. 
The plate has holes in it, and can be bolted to another plate or à panel. 


There are many 
method used in any particular cas 
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Air Oil 
Cup 


Holes 


Air 
Holes 


Ball 
Bearings 


, Proper lubrication and cooling are required if a 
Eenerator is to give long and efficient service 


other construction features 


Two other important construction features of d-c generators are the 
args and the cooling methods used. Practically all smaller type gen- 
th, high-speed armature rotation 
gs are force-fitted on the ends of 


be 
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regulating 
a variable-speed generator 


You will recall that regulation is the process of maintaining a constant 
generator output. It is normally accomplished by a device or circuit 
that senses the generator output, and controls the current through the 
field winding to compensate for any changes in the output. The two main 
Causes of change, or instability, in a generator's output are changes in 
the resistance of the load and changes in the speed of rotation of the 
generator. 

The output voltage of shunt and compound g 
at constant speeds does not vary greatly if the load variations are within 
the design range of the generator. As a result, regulation is only provided 
for these generators when an extremely stable output is desired, or when 
the load variations are very great. 

Variable-speed generators, on the other hand, usually require regula- ` 
tion. You can understand why by considering the generator used in an 
automobile. The generator is turned by the automobile engine, so its 
Speed of rotation is very different when the engine is idling than it is 
when the automobile is traveling at high speed. And yet, despite this 
wide variation in its speed of rotation, the generator must supply a 
constant 6 or 12 volts to the electrical system of the automobile. If this 
voltage should vary, the lights, the horn, in fact the entire electrical 
System, would be affected. The only way such a generator can supply 
a stable 6 or 12 volts is by the use of a regulating device. And not only 
must the regulating device keep the output voltage constant, it must 
also limit the output current of the generator to its maximum rated value 
to prevent the generator from burning out. Thus, both voltage and 
current regulation are normally required for a variable-speed generator. 


enerators that are driven 


Low Speed of Rotation 


LAMP GLOWS DU 
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Variable- 
Speed 
Generator 
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voltage regulation 


A typical circuit used for regulating the generator output voltage is 
shown. One side of thé shunt field winding is connected directly to the 
negative output of the generator. The other side of the field winding is | 
connected to the positive side of the generator output either through 
resistor R and coil Ls, or through contacts C, which are controlled by 

' the magnetic field of L;. Thus, the field winding is either directly across 
the generator output (C closed), or it has R connected in series with 
it (C open). 

The contacts are held closed by a spring so that when the generator 
is first turned on, the contacts are closed, and the field winding is directly 
across the generator output. As the generator builds up speed, its output 
voltage increases, and so also does the current through. L,, which is 
connected directly across the generator output. When the output voltage 
reaches a certain point, the magnetic field of L, is strong enough to over- 
come the spring holding C closed, and so C opens. 


Shunt 


Field 
Armature DT 
The voltage regulator Operates by contacts intermittently 
inserting a resistance in Series with the field winding 
m 
L 
* Shunt | 
X Field 
< Winding 
heut 2 Generator 


Output 
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The field current now flows through R and L.. With the added resist- 
ance in the field circuit, the field strength decreases, and the rise 
in the generator output voltage is checked. The current through L, 
causes a magnetic field around L., and this field opposes that around 
L,, since the two coils are oppositely wound. This partially neutralizes 
the magnetic attraction of L, on C, and the spring again closes C. As 
a result, the field winding is again directly across the generator output, 
So the field current increases, increasing the output voltage, which in 
turn causes C to open due to the increased magnetic pull of L,. 


Average. 
Output 


As the contacts vibrate, they stay longer in the closed 
position to prodtce a steady average output although 
the peak voltages may drop 


This cycle occurs very rapidly, many times a second, causing the 
contacts to vibrate open and closed. The output voltage of the genera- 
tor thus varies slightly but very rapidly above and below a value deter- 
mined by the tension of the spring holding C closed. The actual d-c out- 
put voltage is the average value between the high and low points. This 
average depends on whether the contacts stay longer in one position 
than in the other as they vibrate. If they stay closed longer than they 

. Stay open, the average voltage is higher, and vice versa. When the peak 
Voltage goes up, the contacts stay longer in the open position to keep 
the average output constant. The spring is adjustable, and its setting, 
Controls the vibrating action of the contacts and the average generator : 


Output voltage. 
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current regulation 


The current regulator, like the voltage regulator, operates by i=) 
intermittently inserting a resistance in series with the field winding 


In the current regulator, the 
insertion of the resistance 
is controlled by the load 
current, whereas ín the volt- 
age regulator it is controlled 
by the output voltage 


Shunt 
Field 
Winding 


Armature 


Generator 
Output 


The purpose of regulating the output current of a generator is to 


prevent the current from exceeding the maximum value that tl 
erator can safely deliver. A commonly used method of current 


he gen- 
regula- 


tion is shown. Essentially, its very similar to the method for voltage 
` regulation. Depending on whether contacts C are open or closed, the 


field winding is either directly across the generator output, or 


it has 


resistance R in series with it. The opening and closing of C is controlled 
by coil L, which is in series with the generator output, and so carries the 


full load current. 
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reverse-current cutout relay 


Often a variable-speed d-c generator is used in combination with 
storage battery to supply power to a load. When the generator's s; ae 
and therefore its output voltage, is low, the battery supplies power ‘a th : 
load. And when the generator comes up to speed and reaches its kis 
output, it supplies the power to the load, and at the same time recharges 
the battery. In this arrangement, though, some method must be used to 
disconnect the generator from the battery whenever the generator volt- 
age is less than the battery voltage. Otherwise, the battery would dis- 
charge through the generator armature winding and possibly burn it out. 
A frequently used method for automatically disconnecting the generator 
from the battery makes use of a reverse-current cutout relay. A typical 


circuit is shown. 


= Storage 


Battery 


Output to 
Load 


Armature 


The reverse-current cutout relay connects the generator output to 

the battery and the load when the generator voltage is greater than 

the battery voltage. It then disconnects the generator from the _ 
battery and the load when the generator voltage drops below that ^ 


of the battery 


The reverse-current cutout relay consists of coils L, and L, both 
Wound on the same core, and contacts C, which ate normally held open 
at Spring. L, is called the voltage winding, and is connected pesons 

;,, Senerator output. L, is called the current winding, and is in series 


wit 
h the generator output. 
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reverse-current 
cutout relay (cont. ) 


The spring holding C open is adjusted so that when the d 
voltage is les than the battery voltage, the contacts are open. The ge " 
erator is therefore disconnected from both the battery and the load, pi 

- the battery supplies the output power. At all times, though, the PERA 
output voltage is across L,, causing cürrent through the coil, eA 
ing a magnetic field. When the generator output voltage EES e ELS. 
battery voltage, the magnetic pull of L, overcomes the T "Lan 
and closes C. This connects the generator to the load, and at t B * : 
time allows charging current to flow from the generator to the bat F » 
The generator current flows through L., creating a magnetic field whic 
aids that of L,, and thus keeps the contacts closed tightly. 


Charging 
Current 


Load 
Current 


Battery Voltage Greater 
Than Generator Voltage 


Generator Voltage Greater cd 

Than Battery Voltage 
C f To d 
Essentially, whén the battery is fully charged, — Los 


c Load 
it works as though the Benerator does not exist, 


" J Current 
Since the generator has been disconnected = Se ae 


When the generator volta 
its voltage drops below that 
through L, and the generat 
the magnetic field around 

“causes a decrease in the 


ge is high enough to keep L, energized, but 
of the battery, the battery begins to discharge 
tor. With the reversal of current through Lo 
it now opposes the magnetic field of L. This 
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Voltage 
Regulator 


Battery Terminal — Generator Terminal Field Terminal 


Frequently, a voltage and current regulator, as well as a reverse- 
current cutout relay, are all used together to control the output of a 
variable-speed generator. When this is done, all three are usually built 
and installed as a single unit. Actually, this is the unit called the “volt- 
age regulator" in an automobile. Although it is called a voltage regulator, 
it really consists of a voltage regulator, a current regulator, and a reverse- 


current cutout relay. 


Reverse- 
Voltage Current Current 
Regulator Regulator Cutout Relay \ 


Shunt 
Field 
Winding 


Output 
to Load 
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summary 


E] The armature of a d-c generator consists of all parts that rotate. These are: 
the armature shaft, the armature core, the armature winding, and the com- 


^] 


-f 


mutator. The armature shaft is a hard steel rod. The armature core is- 


made of soft stee! laminations insulated from each other. The core is laminated 
to reduce eddy current losses. [] The coils of the armature winding are wound 
around the core. O The commutator is made of individual copper segments 
insulated from each other with thin sheets of mica. Leads from the arma- 
ture coils are connected to the commutator segments. 


O Generator brushes are usually small blocks of a carbon and graphite com- 
pound. The brushes are mounted in brush. holders, which are electrically 
insulated from the generator frame. (] The individual coils of the field winding 
are wound around the generator pole pieces. Most generator housings 


consist of an iron or steel field frame and two end frames. O The armature 
bearings are set in recesses in the end frames. 


O Variable-speed generators normally require both voltage and current regu- 
lation. The voltage regulation maintains the output voltage essentially constant, 
while the current regulation prevents the output current from exceeding the 
maximum value that the generator can safely deliver. © Reverse-current 
cutout-relay circuits are employed when a d-c generator is used in combination 
with a battery to supply power to a load. The circuit disconnects the generator 


from the battery whenever the generator voltage is less than the battery 
voltage. 


review questions 


- Why is the armature core of a generator laminated? 


- Why is soft silicon steel generally used for the armature core 
of a generator? 


- What is form winding? 
- Must the commutator and brushe 
cated? Why? 


- Why are pole pieces Shaped to fit the curvature of the arma- 


s of a generator be lubri- 


ture? 
- Physically, what is th 
field windings? 
+ Could a plastic field fr. 
- Why do variable-speed 
age and current regulat 
- What is the purpose of a reverse-current cutout relay? 


- What are the two mai ; , 
am causes of instability in a generator s 
output voltage? phan E 


€ difference between shunt and series 


ame be used for a generator? Why? 


generators usually require both volt- 
ion? 


2 
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a-c generators (alternators) 


Although d-c generators are used- extensively for certain applications, 
they have inherent limitations that make them unsatisfactory for many 
other uses. Some of these limitations are caused by the electrical-and 
physical construction features of the d-c generators themselves, while 
others are due to the basic nature and properties of d-c electricity. Most 
of the limitations caused by the generators themselves arise from diffi- 
culties in constructing commutators that can carry large outputs reliably 
and efficiently. A-c generators, as you will learn, do not have commuta- 
tors, and so in this respect are superior to d-c generators. 


Mechanical 
Energy D-C Voltage 
C and Current p 


| 


D wap 


D-C Generator 


Voltage and Current 


A-C Voltage 
and Current 


7 Nw iub + 
62 : 
Mechanical p 2 
Energy 
Generator 


AC 
(Alternator) 


Voltage and Current 
o 


n a-c and d-c generators convert mechanical energy into electrical 
Ed MEANS d-c generators convert mechanical energy into d-c volt- 
ages and currents, while a-c generators convert the mechanical energy into 


a-c voltages and currents 


The theory of operation and construction characteristics of a-c gen- 
erators are described on the following pages. You will find that there are 
many basic similarities between a-c and d-c generators. However, there 
are also many significant differences, as well as some électrical concepts 
that are entirely new to you. A-c generators are also called alternators, 


since they produce alternating current. — 
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Rotating 
Loop 


Magnetic 
EN Field í 


The simplest a-c generator consists of a 
magnetic field and a single rotating loop 
as does the simplest d-c generator. However, 
in the a-c generator, the ends of the loop 

are connected in some way directly to 


To Commutator for 
brushes-instead of to a commutator 


D-C Generator 
- Directly to Brushes 


for A-C Generator 


the basic a-c generator 


You will recall that the simplest d-c generator consists of a single loop 

of wire rotating in a magnetic field, plus a commutator and brushes. AS 
the loop rotates, an a-c voltage is generated between its two ends. The 
-a-c voltage.is then converted to dc by the action of the commutator and 
brushes. The commutator accomplishes the ac to de conversion by 
effectively switching the brushes from one end of the rotating loop to 
the other each time the voltage induced in the loop reverses polarity. 
This switching is done in such a way that one brush is always in contact 
with the end of the loop that is positive, while the other brush always 
contacts the end of the loop that is negative. The voltage between the 
brushes, which is the generator output voltage, is therefore dc. 

If the commutator was eliminated, and each brush was permanently 


in contact with one end of the rotating loop, the voltage between the 
brushes would be exactly the same as the volt. 


ends of theloop. And as you know, this is an a. 


nating the commutator and in some way permanently connecting Uis 


brushes to opposite ends of the loop, the basic d.c generator can be 
converted to a simple a-c generator. f 


Of course, a direct connection o. 
to the brushes because the ends 


age existing between the 
-c voltage. Thus, by elim? 


f the ends of the loop cannot be mad 

must be free to rotate with the 100P: 
they were not free to rotate, they would become twisted as the loop ture 
and would break. So, in so; 


t. 
me way, the brushes must be permane”! 


connected to their loop ends without interfering with their tuning i 
“This is covered next, 
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‘ye . 
slip rings 

The commutator in a d-c generator performs two functions: (1) it 
converts the induced a-c voltage to dc, and (2) it provides a means for 
connecting the induced voltage to the brushes, and thus to an external 
circuit. No conversion of ac to dc is required in an a-c generator, so in 

: place of the commutator, all that is needed is a means of connecting 

the induced voltage to the brushes. This is done by metallic rings con- 
nected to the ends of the rotating loop. One ring is connected to each 
end of the loop, and both rings rotate as the loop rotates. These rings are 
called slip rings. ; c 


The slip rings are permanently 
connected to the ends of the loop. 
The brushes are stationary, and 
maintain contact with the slip 
rings as they rotate. The voltage 
induced in the loop is thus trans- 
ferred to the brushes, and from — 
there to an external circuit 


| Loop and Slip Rings Rotate While 
Brushes Remain Stationary 


Each slip ring is permanently connected to its respective end of the 
rotating loop, so the voltage induced in the loop appears between the 
rings. The brushes rest against the slip rings and make electrical contact 
with them. As the loop rotates, the slip rings slide along the brushes, 
always maintaining electrical contact with them. Thus, each brush is 
always in contact with its slip ring, which in turn 1s permanently con- 
nected to one end of the loop. The result is that the a-c voltage induced 
in the loop appears between the brushes, and can then be applied to an 


external circuit. 


rae a en A 
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- generating a sine-wave output 


You can see from the preceding pages that the output of the simple; 
one-loop'a-c generator is identical to the voltage induced in the rotating 
loop. This voltage is equal to the sum of the voltages induced in the 
two sides of the loop as they cut the magnetic flux lines. When no flux 
lines are being cut, the voltage is zero; and when the maximum number 
of flux lines are cut; the voltage is maximum. As shown, in a two-pole a-C 
generator, the voltage passes through zero and maximum twice during 
every full rotation of the loop. This variation follows a sine wave. So for 
one full rotation, which corresponds to 360 degrees of rotation, the 
generated voltage corresponds to 360 electrical degrees. 

By comparing the waveform shown with that on page 6-66, you can 
see that the output voltage of the simple a-c generator is the same aS 
that induced in the rotating loop of a simple d-c generator: 


The output of an a-c generator 
is a sine-wave voltage 


Direction of 
Loop Rotation 


Output Voltage 


0 Volts 


For a simple two-pole generator 
the sine- i 2 


one cycle of E dul 
i a 
the loop makes one full rotation. The qme fut voltage has a frequency of 10 cps, 


ut 
If the loop rotates 10 times a second, the 0: 


fre 
[ fre the Joop rotates 100 times a second, the 
Quency of such a generator. thi ^ : i > 
same as the speed of rotation S ue quency of the output voltage is 100 cP 
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increasing the number of poles 


From the waveform on the previous page, you can see that the output 
voltage of the simple a-c generator is maximum when the sides of the 
loop pass the centers of the poles. The reason for this is that at-these 
points the sides of the loop are cutting the maximum number of flux 
lines. If four poles were used instead of two, the output voltage would 
still reach its maximum value when the sides of the loop passed the 
centers of the poles. However, since the number of poles was doubled, 
the voltage would be maximum four times during each full rotation of 
‘the loop, instead of two times, as it is for a two-pole generator. 

If the poles are spaced equally apart, this means that one full sine- 
wave cycle of the output voltage is generated each time the loop makes 
one-half, or 180 degrees, of a rotation. The frequency of the a-c output 
voltage is, therefore, twice the speed of rotation of the loop. For example, 
if the loop rotates 30 times a second, the frequency of the voltage is 
60 cps. A 

It should be obvious that for a given speed of rotation, the more poles 
there are, the higher will be the frequency of the generator voltage. A , 
general relationship between the speed of rotation of a single loop, the 
number of poles, and the frequency can be stated as follows: Frequency 
is equal to the number of revolutions per second times the mumber of 
Pairs of poles. Thus,jif six poles are used, the loop rotates 10 times 
a second, the frequency of the output voltage is 10 x 3, or 30 cps. Note 
that it is the number of pairs of poles and not the total number of poles 


that is used in determining the frequency. 


In à 4-pole generator, the sides of the loop 
cut a maximum number of flux lines four 


times duri ion of the loo} 
z ng eacpifuli rotation 9 p In a 4-pole generator, two cycles of the 


output voltage are generated for each 
FI full rotation of the loop 
Ling Armature 
S 
dh 


Output Voltage 


Rotation 


The four poi imum voltage ra SE 
points of maximi » 1 Full Rotation of Lt 
Occur when the sides of the loop pass the E dd: EUN Rote nap 


kar 
Pw og 
r 
centers of the four poles 1 
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producing the magnetic field 


The magnetic field required for the operation of an a-c generator is 
produced by. a field winding, the same as it is for d-c generators. You 
will recall that the field winding is an electromagnet, and, therefore, 
requires current to produce its magnetic field. In a d-c generator, the 
current for the field winding can be provided by connecting the winding 
to an external voltage source, in which case the generator is a separately 
excited generator. Or, the exciting current for the field winding can be 
obtained by connecting the winding to the generator output. This, you 
‘will remember, makes it a self-excited generator. 


D-C GENERATORS are 


is Separately Excited OR Self-Excited 
"From Separate 6 From 

| + D-C Voltage Generator 

Vos s Source Output 


A-C GENERATORS are 
All Separately Excited 


| From Separate f $ 
D-C Voltage A 
Source 


e 
gs. On many a-c generators, 
s.c voltage source for the fi inding is a small d.c generator contained 
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stationary-armature 
a-c generators 


When an a-c generator delivers a relatively small amount of power, 
slip rings operate satisfactorily. When large powers are involved, though, 
it becomes difficult to insulate slip rings sufficiently, and they are there- 
fore a frequent source of trouble. Because of this, most a-c generators 
have a stationary armature and a rotating field. In such generators, the 
armature coils are permanently mounted around the inner circumference 
of the generator housing, while the field coils and their pole pieces are 
mounted on a shaft and rotate within the stationary armature. This 


arrangement of a stationary armature and.a rotating field may seem 


Strange at first, but recalling the basic fundamentals of mutual induc- 
tion, you will see that a voltage is induced in the armature coils whether 
they cut the flux lines of a stationary magnetic field, or whether the flux 
lines of a moving magnetic field cut them. Relative motion between the 
magnetic field and the armature coils is all that is required. 

With a stationary armature, the generator output can be directly con- 
nected to an external circuit without the need for slip rings and brushes. 
This eliminates the insulation difficulties that would otherwise exist if 
large currents and voltages were delivered to the load through slip rings. 
Of course, since the field winding rotates, slip rings must be used to 
Connect the winding to its external d-c exciting source. However, the 
Voltages and current involved are small compared to those of the arma- 
ture, and there is no difficulty in providing sufficient insulation. 


Most a-c generators have a stationary 
Stati armature and a rotating field rather than 
ationary 3 j 
Field Wi nding a rotating armature and a stationary field 
The armature is represented by a single loop, 
nf but in actual a-c generators, the armature 
consists of many coils, each of which 


f usually has more than one loop 


Rotating Field Winding 


© with Slip Rings 


- Stationary 
Rotating Armature Armature 
with Slip Rings 


This diagram is only an analogy. The rota- 
ting field windings should really be on the 
totor, inside the stationary armature, so 
that the two types of alternators actually 
look alike; a typical stationary armature 
rotor is shown on the next page 
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 stationary-armature 
a-c generators (cont.) 


Another advantage of using a stationary armature is that it makes 
possible much higher speeds of rotation, and therefore higher voltages, 
than can be obtained with rotating armatures. The reason for this is 
again insulating difficulties. At very high speeds of rotation, the large 
centrifugal force that results makes it difficult to properly insulate the 


“armature winding. No such problem exists when the field winding 
rotates at high speeds. 


Fixed Armature Core 
and Winding 


Two-Pole 
Two-Pole 
Rotating Rotating 
oo Magnet 
Excitation Excitation 
Slip Rings Slip Rings Fixed Armature Core 


and Winding 


As the field poles in a stationary-armature generator are rotated, 
the flux lines that go from the N to S poles pass through the fixed 
armature core first in one direct 


ion and then the other to induce 


ac in the stationary armature winding 


Y In summary, then, whereas practically all d-c generators use 4 rotat 
ing armature and a stationary field, most a-c generators have à station” 
ary armature and a rotating field. With a stationary armature, voltages 
can be produced that are much larger than those possible with rotating 
armature generators. The portion of a generator that rotates iS often 
referred to as the rotor, while the Stationary portion is called the stator 
You should note that if a Stationary-armature a-c generator USC? 


fixed magnet for the field in the rotor, instead of an electromagnet ra 
slip rings at all will be required. However, such a generator has 4 ; 
output, and so is limited in its applications 
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single-phase a-c generators 


In the discussion of a-c generators, the armature has been represented 
by a single loop. The voltage induced in such a loop would be very small; 
So, as in-d-c generators, the armature actually consists of a number of 
coils, each usually having more than one loop. The coils are wound so that 
the voltages induced in the loops of any one coil add to produce the total 

- coil voltage. The coils can be connected in various ways, with the particu- 
lar method used depending on the desired generator characteristics. 

If the armature coils are all connected in series aiding, the generator 
has a single output. The output is sinusoidal, and is equal in amplitude 
at any instant to the sum of the voltages induced in the individual coils. 


A generator having its armature wound in this way is a single 


-phase 


generator. All of the coils connected in series make up the armature 
winding. Very few practical a-c generators are single phase. Greater 
efficiency can be gained by connecting the armature coils in other ways. 


A sin 


. Since 


gle loop rotating in a magnetic 
leld is a single-phase generator, . 
it has only one output voltage 


Armature 
Coils 


This Stationary-armature 4-pole 
generator is also a single-phase 
generator, since it has only one 
output voltage 


B 

With the armature Coils wound 

the ea the voltages induced is 
€ coils add to produc 

put voltage SUUS 
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two-phase a-c generators 


i h 
i wo perpendicular rotating loops, eac 
rr URL aie wit Tien set of slip rings, make Up 
a two-phase generator 


Lin 
- The two output voltages are equa! In 
amplitude and'90* out of phase. This, of 


the 
( course, assumes that the loops are 
EC same size 

SS 


Output Voltage 1 A 


Winding 1 


2 


V output Voltage 2 


i Output Voltage 1 


Stationary-Armature 
Two-Phase Generator 


Phase 2 
Phase 1 
As the field rotates, it induces maximum voltage : Pes 
first in one winding and then in the other. z 
The coils of the windings are spaced so that S 
there is a difference of 50° between the voltages Kl F 
induced in the two windings col) 
3 E! ) 
T e |9"! 
ee 


In a two-phase generator 
generator has two se 


degrees. A simple, rot: 


the 
» the armature coils are wired so EU 
Parate output voltages. that differ in phase e 
ating-loop two-phase generator consists of two 


E et O 
ach loop connected to its own Mes 
e 


NE 55 Spaced so that the voltages induce 
the two windings are 90 degrees out of phase 
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three-phase a-c generators 


Basically, the principles of a three-phase generator are the same as — 
those of a two-phase generator, except that there are three equally spaced 
windings, and three output voltages all 120 degrees out of phase with 
each other. A simple rotating-loop three-phase generator with its output 
waveforms is shown. Physically adjacent loops are separated by an angle 
equivalent to 60 degrees of rotation. However, the ends of the loop are 
connected to the slip rings in such a way that voltage 1 leads voltage 9 
by 120 degrees, and voltage 2, in turn, leads voltage 3 by 120 degrees. 


Rotating-Loop 
Three-Phase Generator 


Phase 1 ) 
; Ay Stationary-Armature 
Phase 3 7 Three-Phase Generator 


ə ,Phase?2 
607 4 


] y Output 
f Voltage 1 
Q Output 
Q Voltage 2 


Output 


el Voltage 3 


Output Voltage 


A three-phase generator 
uces three equal voltages 
egrees out of phase 


c A Simplified diagram of a stationary-armature three-phase generator 
18 also shown, On this diagram, the individual coils of each winding are 
Combined, and represented as a single coil. Also, the rotating field is not 
Shown. The significance of the illustration is that it shows that the three- 
Phase generator has three separate armature windings that are 120 
degrees out of phase. 
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Delta Connection 


Winding 
In the delta connection, the endof 
winding 1 is connected to the be- 
ginning of winding 2, the end of 
2 to the beginning of 3, and the 
end of 3 to the beginning of 1 


The three windings thus form a 
indi closed circuit. Leads are 
Minding brought from the three junctions 
To ofthe windings for connecting 
Load to the load. Any 2 of the 3 
wires takes the voltage phase 
across one coil 


Winding 3 


delia and wye connections 


As shown on the previous page, there are six leads from the armature 
windings of a three-phase Benerator, and the output voltage is connected 
` to the external load by means of these six leads. In actual practice, this 
is not the case. Instead, the windings are connected together, and only 
three leads are brought out for connection to the load. 

There are two ways that the three armature windings can be con- 
nected. Which of the two that is used determines the electrical charac- 
teristics of the generator output. In one connection, the three windings 
are all connected in series and form a closed circuit. The load is con- 
nected to the three points where two windings are joined. This is called 2 . 
delta connection, since its schematic representation resembles the Greek 
letter delta (A). In the other Connection, one of the leads of each wind" 
ing are connected together, and the other three leads are brought out 
for connecting the load. This is called a wye connection, since schemati- 
cally it represents the letter Y. 

In each case, you can see that the windings are spaced 120 degrees 


apart, so that each winding will develop a voltage that is 120 degree? 
out of phase with the other winding voltages. 


Mye Connection 


Windi; ] 

Te Any two of the 3 wires tae 
the vector sum of un Ne 

To phases across 2 coils 


Load Series 


In the wye Connection, the be 
innings of each winding are. 
Connected together, and the - 
ends of the windings are con- 
nected to the load 


i 


Winding 1 


Winding 3 
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electrical characteristics of delta 
and wye connections 


Since the windings of a delta connection are all connected in series and 
form a closed circuit, it may seem that a high current will continuously 
flow through the windings, even when no load is connected. Actually, 
because of the phase difference between the three generated voltages, 
negligible or no current flows in the windings under no-load conditions. 

The three leads brought out from the delta connection are used for 
connecting the generator output to the load. The voltage between any 
two of the leads, called the line voltage, is the same as the voltage gen- 
erated in one winding, which is called the phase voltage. Thus, as shown, 
the three phase voltages are equal and the three line voltages are equal, 
and they all have the same value. The current in any line, though is V3 
or approximately 1.73 times the current in any one phase of the winding. 
You can see, therefore, that a delta connection provides an increase in 
Current but no increase in voltage. 


1.73 Amperes 
r 


Line 1 


100 Volts 


1.73 Amperes 
> 


Line 2 100 Volts 


100 Volts 


Line 3 


1.73 Amperes 


In a delta connection, line voltage equals phase voltage, whereas 
line current equals V3 or 1.73 times phase current 


The total true power delivered by a delta-connected three-phase gen- 
rator is equal to V3, or 1.73, times the true power in any one line, 

member, though, from Volumes 3 and 4, that the true power depends 
On the power factor (cos 8) of the circuit. The total true power is there- 
fore equal to 1.73 times the line voltage, times the line current, times 
the power factor. Or, ] 


Pagus = 1.73 Eqixeliine COS [ 
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electrical characteristics of delta : 
and wye connections (cont.) 


The yoltage and current characteristics of a wye connection are ae 
site to those of a delta connection. The voltage between any two lines [ 
a wye connection is 1.73 times any one phase voltage, while the line 
currents are equal to the current'in any phase winding. This contrasts 
with the delta connection in which, you will recall, line voltage equals 
phasé voltage and line current equals 1.73 times phase current. Thus, 
whereas the delta connection provides an increase in current but nO 


; ; : : ; ut 
increase in voltage, the wye connection gives an increase in voltage b 
none in current. i 


Line 1 
—— 
1 Ampere 


173 Volts 


100 Volts 
Phase 2 


Line 2 173 Volts 
— — 


1 Ampere 


olts 


1 Ampere 
——» 


Line 3 
In a wye connection, line voltage equals V3 or 1.73 times phase 
voltage, whereas line current equals phase current 


is the 
The total true power delivered by a wye-connected generator iS th 


is 
same as that of a delta-connected generator. The total true power 
therefore equal to: 


Porve = 1.73 Eviveliine cos 0 


` witch 
This-schematic shows how a erator 
can be used to change DN The 
windings from wye to delta: «own 
Switch settings and wiring ection: 
in color give the delta nee 

In actual practice, all M CT to 
switches are gange tog 

work simultaneously 


. By changing the generator windi 
from wye to delta, you can dS 
the voltage and current 
characteristics 


A 
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- summary 


A-c generators are also called alternators. O Since conversion from ac to 
dc is not required in an a-c generator, a commutator is unnecessary. The 
a-c generator uses metallic rings, called slip rings, for connecting the rotating 
coils to the brushes. The output frequency of an a-c generator is equal to 
the frequency of rotation times the number of pairs of poles. A-c generators 
cannot be self-excited. Separate d-c voltage sources must be used to provide 
excitation current., 


O Most a-c generators have a stationary armature and a rotating field. The 
generator output is then connected directly to the external circuit. O In a 
stationary-armature generator, slip rings and brushes are used to connect the 
rotating field winding to its external d-c exciting source. O Stationary-arma- 
ture generators can rotate at very high speeds, and. therefore, can generate 
very large voltages. O The portion of an a-c generator that rotates is called 
the rotor. O The stationary portion is called the stator. 


OA two-phase a-c generator produces two voltages that differ in phase by 90 
degrees. A three-phase a-c generator produces three voltages that differ 
in phase by 120 degrees. In three-phase generators, only three leads are 
brought out for connection to the load. Either a delta or wye connection can 

! be used. A delta connection provides an increase in current but no increase 
In voltage. A wye connection provides an increase in voltage but no increase 
In current. [] The voltage between any two leads of a three-phase generator 
'S called the line voltage. 


review questions 


1. Can an a-c generator be self-excited? Why? 
2. In an a-c generator, what is the advantage of having a sta- 
tionary armature and a rotating field? 
3. Are slip rings required on a stationary-armature generator? « 
4.'In an alternator, what is the rotor? The stator? 
5. What is a three-phase a-c generator? 
6. Draw a diagram of a delta connection. A wye connection. 
7. In delta and wye connections, what is the line voltage? 
8. If a three-phase generator is to supply maximum voltage to 
a load, would a delta or wye connection be used? 
9. What advantages do a-c generators have over d-c genera- 
tors? i 
10. Why are commutators unnecessary on a-C generators? 
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_ regulating the generator 


When the load on an a-c generator changes, the output voltage also 
tends to change, the same as it does in a d-c generator. The main Teaser 
for this is the change in the voltage drop across the armature winding 
caused by the change in load current. However, whereas in a d-c gen- 
erator the voltage drop across the armature winding is simply an IR drop, 
in an ac generator there is an IR drop and an,IX, drop, caused by E 
a-c current flowing through the inductance of the winding. The IR d 
depends only on the amount of the load change, but the IX, drop depends 
also on the circuit power factor. Thus, the output voltage of a-c genera- 
tors varies with both changes in load current and changes in power 
factor. As a result, an a-c generator that has satisfactory regulation at 
one power factor may have very poor regulation at another power factor. 


N 
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Current Delivered 
To Load 


> 


ESSI 


A-C 
GENERATOR 


A-c generators-are rated according to the maximum apparent 
power they can deliver, regardless of how much of this power is 
consumed by the load, as determined by the power factor 

of the load 


rating a-c generators 


Every d-c generator has a power rating, normally expressed in kilo- 
Watts, which indicates the maximum power that can constantly be 
Supplied by the generator. A-c generators, on the other hand, generally 
cannot be rated in the same way, since the power consumed in an a-c 
Circuit depends on the circuit power factor. This means that an a-c 
Benerator could be supplying a moderate amount of true power for a 
load, and yet if the power factor of the load was low, the total, or appar- 
EDS Power actually delivered by the generator could be very large. Such 
4 Situation could result in the generator burning out. 


For this reason, a-c generators must be rated not on the basis of the 
ad, but on the basis of 


De maximum apparent power they can deliver. This is done by express- 
mg the capacity in volt-amperes, Or kilovolt-amperes. Thus, at any par- 
ticular output voltage, you know the maximum current that the genera- 
us Can deliver, regardless of the power factor of the load. For example, 
ìf an ac generator with a rating of 100 kilovolt-amperes has an output 
es 50 kilovolts, the maximum current that it can safely deliver is 100 

Ovolt-amperes divided by 50 kilovolts, or 2 amperes. 

Occasionally, a-c generators are designed for use with loads having a 
Constant power factor. The rating of these generators then may be given 
n watts or kilowatts at the particular power factor. : 
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i : Slip Ring and 
Terminal Block for Commutator Brush 
A-C Generator Output, Mounting Location 
and Exciter Field Input. \ 


—— Brush Cover Plate 


Generator Slip Rings 


Exciter Shunt 
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A-C Generator 
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(Stator) 


^ 
Exciter Armature 


A-C Field 
Windings (Rotor) 


From the standpoint of 
siderably. They ran 
thousands of poun 
few pounds, and e 


physical appearance, a-c generators vary coni 
ge from very large turbine-driven types that weigh 
ds to small Special-purpose types that weigh only * 
cn ven less. As has been pointed out, though, practically 
generators have stationary armatures and rotating fields- 

armature windings are positioned around the inner circumference ° 


eee: housing, and are usually embedded in a laminated #0? 
; 4e Core and the windings make up the stator. i 
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comparison of d-c 
and a-c generators 


Now that you have learned about both d-c and a-c generators, you 
should be aware of the basic similarities between them as well as their 
basic differences. In an a-c generator, the induced voltage is fed 
directly through slip rings to the load, while in a d-c generator, the 
induced ac is converted to dc by the commutator before being applied 
to the load. p 

A major physical difference between d-c and a-c generators is that 
the field of most d-c generators is stationary and the armature rotates, 
whereas the opposite is usually true of a-c generators. This has the effect 
of making a-c generators capable of having much larger outputs than 
is possible with d-c generators. Another difference between the two types 
of generators is the source of exciting voltage for the field winding. 
D-c generators can either use a separate external exciting source, or can 
obtain the required voltage directly from their own output. A-c genera- 
tors, on the other hand, must use a separate source. 


D-C Generator A-C Generator 


Stationary 
Field 


Stationary. 
Armature 


To 
Load 
Rotating 
Armature 
Sy 
To External Source To External Source 
or Generator Output 
IN de Benerator has a rotating armature The a-c generator has a stationary armature 
EN a stationary field. Voltage for its field and a rotating field. Voltage for its field_ 
cae Obtained either from an external source must come from an external source, called 
9m the generator's own output an exciter 


In the area of voltage regulation, d-c generators are inherently more 
Stable than a-c generators. One of the reasons for this is that although 

© output voltages of both types are sensitive to load changes, the out- 
Put voltage of an a-c generator is also sensitive to changes in the power 
ane of the load. In addition, a good degree of self-regulation is possible 
n a dc generator by using a compound armature winding. This is not 
Possible in a-c generators, since they must be separately excited. 
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the automobile alternator 


The comparison of the advantages of d-c generators and a-c alter- 
nators, which you just studied, was based on the accepted categories 
of basic generators. However, it is possible to combine the advantages 
of d-c and a-c generators by using additional circuit designs. The auto- 
mobile alternator does this in a unique way to produce a high-current 
d-c charging source with an a-c type of generator. It is called an alter- 
nator even though it produces a d-c voltage because it is actually a fixed- 
armature a-c generator that uses rectifiers to convert the ac to dc. 

Rectifiers are devices that, for the most part, conduct in only one 
direction. So, the rectifier will pass only one polarity of the a-c voltage 
to produce a pulsating dc. The typical car Alternator produces three- 
phase ac, so that after the voltage is converted to dc, there is less ripple. 
A capacitor is then connected at the output to filter out the ripple to get 
a relatively smooth d-c voltage. 

Because the rectifiers oppose current flow in the opposite direction, 
a reverse-current cutout relay is not, needed in the voltage regulator. 
And, since the alternator is a high-current generator, a current regu- 
lator also is not needed. Therefore, the regulator for the alternator iS 


simpler than that for the d.c generator; it uses only one relay circuit to 


regulate the alternator output voltage by controlling the field current 


Notice that although this is an alternator, it is self-excited. This can be 
done because the rectified output is dc. 
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auto alternator operation 


The three-phase auto alternator uses wye-connected fixed-armature 
windings, which as you learned, produce one phase voltage between any 
two output leads. The output of the alternator is a positive voltage with 
relation to ground. But no lead of the wye windings is connected directly 
to ground because the windings produce ac; all three leads alternately 
become negative and positive through the a-c cycles. Therefore, each lead 
must be connected to ground when it is negative, and to the output 
when it is positive. The rectifiers do this. 

The rectifiers act like switches that close for one polarity, and open 
for the other polarity. Notice that each lead has two rectifiers connected 
oppositely. One rectifier will connect the lead to the output line when 
the lead is positive, but disconnect the lead when it is negative. The 
other rectifier connects the lead to ground when it is negative, and dis- 
connects it when it is positive. The diagram shows how the same two 
windings are connected for different phase angles of the output voltage. 
The output, then, is always positive. 

If you recall what you learned about the d-c generator, you can see 
that the commutator was needed to do the same thing whenever the 
leads switched polarity, since the armature always produces ac. In the 
alternator, then, the rectifiers act like electronic commutators, and so 
it is debatable about whether the alternator is an alternator, or just 
another type of d-c generator. 
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tant Possibilities are shown here. At At 60 degrees, winding 3 would be negative 
nd Sn winding 2 would be positive and go to ground, while winding 2 would be 
instead Ss d be conflected to the output positive and go to the output: At the inter- 
zero volt winding 3, which would be set at- mediate phase angles, il is possible to have 
S. Winding ] would still be negative. two windings connected to the output and one 


lo ground, and vice versa 
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internal resistance 
of the generator 


In every generator, the load current flows through the amarae a 
ing. Like any coil or winding, the armature has meee a Mi 
tance. The combination of this resistance and the inductive n Su 
caused by the inductance make up what is known as the interna NV 
ance of the generator. When load current flows, it produces NC. 
drop across the internal resistance. This voltage drop subtra 


oltage 
the generator output voltage, and, therefore, represents generated v 
that is lost and not available for the load. 
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~——— Motor MOTOR-GENERATOR SET 


Generator 


y NS Electricity with 
"certain characteristics 
drives motor 


Generator produces 

~ electricity having 
different 

characteristics 


| When the motor-generator is used to change dc to ac, 
it is sometimes called a converter. Sometimes, the 
motor and generator sections of a converter are 
enclosed in the same housing on a common shaft 


chanically connected so that the motor turns the generator. The motor 
iA OPplies the mechanical energy that the generator converts to elec- 
iie. JU Normally, both the motor and the generator of a motor- 
and in or are mounted on the same baseplate, and are moved about 
stalled as a single unit. 
lage WO UU. are usually used to change electricity from one volt- 
requency to another voltage or frequency, or to convert ac to dc 
dl ac. Electricity having the characteristic to be changed powers 
the ne or, and the generator is designed to produce electricity having 
by W desired characteristic. For example, the motor could be driven 
efe power source, while the generator produces an output having 
im of 400 cps. Or, a d-c motor could drive an a-c generator to 
| REN de to ac conversion. 
| to qc. a e device changes ac of one type to ac of another type, or ac 
Convert zi ers to asa motor-generator set. But, when it is used to 
Converter ee ac, it is sometimes called B etal, Quite often, the 
s the motor and the generator in the same housing. 


| A motor-generator consists of an electric motor and a generator me- 


Ace, 


6-138  . THE DYNAMOTOR 


the dynamotor 


In certain respects, the. dynamotor is actually a motor-generator. It 
consists of an electric motor driving a generator. However, a motor- 
generator set usually uses separate units; in a dynamotor, they are 
always contained in'a common housing, similar to the converter, and 
their armature windings are both wound on the same shaft. 


Motor 


Commutator Generator 


Commutator 


DYNAMOTOR 


A dynamotor converts a low d- 
the motor and the generator 
shaft and in a common housing 


€ voltage to a high d-c voltage. Both 
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e 
© rely on dynamotors to change P 
voltage to the required d-e leve]. f 
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£ 


summary 


The output voltage of an a-c generator varies with changes in load current 
and with circuit power factor. Regulators for a-c generators control the 
exciter current to the field winding to compensate for changes in output volt- 
age. A-c generators are rated on the basis of the maximum apparent power 
they can deliver. 


O A-c generators vary considerably in appearance. However, practically all 
have stationary armatures and rotating fields. The internal resistance of 
an a-c generator is made up of the d-c resistance and inductive reactance of 
the armature winding. O The output voltage ofa generator is reduced by the 
voltage drop across the internal resistance. [] In a d-c generator, the internal 
voltage drop is equal to: E = Ioan Riymeuxar- O In an a-c generator, the 


internal voltage drop also depends on the frequency of the generator output 
voltage. ^ 


E] A motor-generator consists of an electric motor and a generator mechani- 
cally connected so that the motor turns the generator. Af a motor-generator 
Converts ac to another type of ac, or ac to dc, it is called.a motor-generator set. 
O If it converts dc to ac, it is sometimes called a converter. O Dynamotors 
are used to convert low d-c voltages to high d-c voltages. A dynamotor 


Consists of a motor and a generator, both contained in the same housing, and 
with their armature windings wound on the same shaft. . 


review questions 


. Why do a-c generators have poorer regulation than d-c gen- 

' erators? 

2. Why are a-c generators normally not rated in watts or kilo- 
watts? 

3. An a-c generator has a rating of 20 kilovolt-amperes and an 
output of 2 kilovolts. What is the maximum current it can 
safely deliver? 

4. What things affect the internal resistance of an a-c gen- 
erator? X 


5. What are motor-generators used for? 

6. What is a converter? : 

7. What is a dynamotor used for? 

8. If the power factor of the load decreases while the generator 
output voltage and current remain constant, what happens 
to the true power delivered by an a-c generator? 

9. If the speed of an a-c generator is increased, what happens 

id to the internal resistance? 


Does generator speed affect the internal resistance of a d.c 
generator? 
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6-68, 6-99, 6-102, 
6-132 
Compensating windings, 
9! 
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Compound generators, 
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D-c generators, 6-62, 6-63 
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6-113 
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compound, 6-82, 6-83 
construction, 6-98, 6-106 i 
current regulation, 6-110 
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housing, 6-75, 6-103, 
6-105 
mountings, 6:105 
output voltage, 6-72 
over-compounded, 6-83 
poles, 6-76 
regulation, 6-96 
eA, 6-77, 6-78, 
6-80, 6-84 
separately excited, 6-77 
series, 6-78, 6-79 
series-shunt, see com- 
pound generators 
shaft, 6-100 
shunt, 6-80, 6-81 
sine-wave output, 6-66, 
two-pole, 6-101, 6-104 " 
under-compounded, 6-8 
voltage regulation, 
6-108, 6-109 
Delta connection, 6-126 ` 
electrical characteristics, 
6-127, 6-128 
Depolarizer, 6-10 
Direct current (dc), — . 
fluctuating, 6-68 S 
Discharged batteries, 6- 
Drum core, 6-86 
Dry-cell rejuvenators, 
Dry cells, 6-4; 6-54 
leakproof, 6-19 
limitations, 6-21 
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local action, 6-17 
polarization, 6-47 
primary, 6-15 
types, 6-20 
zinc-carbon, 6-16 
Dynamotors, 6-136 
Edison cell, 6-49 
Edison, Thomas A., 6-44 
Eddy currents, 6-99 
Electrical neutral plane, 
6-93 
Electrode plates, 6-41 
Electrodes, 6-6, 6-7, 6-12 
formed, 6-32 
Electrolysis, 6-26, 6-29 
Electrolyte "'boil,” 6-31 
Electrolytes, 6-6, 6-11, 6-37, 
6-39 
alkaline cell, 6-44 
lead-acid cell, 6-29 
level, 6-42 
reduction, 6-35 
Electrolytic paste, 6-15 
Electromagnets, 6-63, 6-73 
Electromotive force (emf), 
6-2 
Electromotive series, 6-12 
partial listing, 6-12 
End frames, 6-105 
Excitation current, 6-77 
Exciter, 6-77 
d-c, 6-132 
self-contained, 6-132 
Exciter armature, 6-132 
Exciter field current, 6-130 
Fans, 6-106 
Field coils, 6-75, 6-104 
Field frame, 6-105 
Field windings, 6-75, 6-77, 
6-79, 6-104, 6-120 
Fields, rotating, 6-121, 
6-132 
Filler plug, 6-41 
Filtering, 6-70 
Flat-compounded 
generator, 6-83 
Fluctuating dc, 6-68 
Fluctuating d-c voltage, 
6-69 
Flux, 6-62 
Form winding, 6-101 
Four-pole generators, 
6-101, 6-104 
Frames, end, 6-105 
Frequency, 6-119 
Frog-leg windings, 6-86 
Galvanic cell, 6-6 
Galvanic series, 6-12 
Generator output voltage, 
6-130 
Generator polarities, 6-65 
Generators, 6.61, 6-62 
a-c, 6-62, 6-115, 6-116 
comparison of d-c and 
a-c, 6-133 
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d-c, 6-62, 6-63 
internal resistance, 6-134 
Grease cup, 6-106 
Heat sinks, 6-106 
High-rate charge, 6-40 
Housings 
a-c generators, 6-132 
d-c generators, 6-105 
Hydrometer, 6-39 
compensating 
adjustment, 6-39 
Hysteresis loss of core, 
6-100 
Interpoles, 6-94 
IR drop, 6-130 
IXı. drop, 6-130 
Laminated iron cores, 6-132 
Laminated pole pieces, 
6-104 
Laminations, 6-99 
Lap windings, 6-86, 6-87, 
6-88 
Lead-acid cells, 6-24 
charged, 6-32 
charging, 6-25 
discharged, 6-36, 6-37, 
6-38 
electrolyte, 6-29 
fully charged, 6-30 
negative electrode, 6-27 
positive electrode, 6-28 _ 
Leakproof dry cells, 6-19 
Leclanche cell, 6-16 
construction, 6-18 
Left-hand rule for 
generators, 6-64 
Line voltage, 6-127, 6-128 
Load voltage, 6-53 
Local action, 6-9 
in dry cells, 6-17 
Loops, 6-63, 6-69, 6-70, 
6-71 
Low-rate charge, 6-40 
Magnetic circuit, 6-75 
Magnetic fields 
a-c generators, 6-120 
d-c generators, 6-63, 
6-73 
Magnetic flux, 6-63 
Magnetic induction, 6-61 
Magnetic saturation, 6-76, 
6-79 
Magnetism, residual, 6-84 
Magnetos, 6-73 
Mercury batteries, 6-20 
Motor-generator, 6-135 
Mountings, d-c generator, 
6-105 
Multiple field windings, 6-76 
Multiple-cell batteries, 6-51 
Negative electrode of 
lead-acid cell, 6-27 
Negative potential, 6-33 
Neutral plane, 6-68, 6.91, 
6-93 - 


Neutral plane shift, 6-92 
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Nickel-cadmium cells, 6-44, 
6-49 
Nickel-iron cells, 6-49 
No-load voltage, 6-53 
North pole piece, 6-75 
Oil cup, 6-106 
Overcharging, 6-30 
Over-compounded 
generators, 6-83 
Permanent magnets, 6-63, 
6-73 
Phase voltage, 6-127, 6-128 
Photovoltaic cells, 6-57, 
6-58 
Pigtails, 6-103 
Polarization, 6-10, 6-17 
in dry cells, 6-17 
Pole pieces, 6-104 
laminated, 6-104 
north, 6-75 
south, 6-75 
Positive electrode of 
lead-acid cell, 6-28 
Positive potential, 6-34 
Potential chemical activity, 
6-32 
Potential difference, 6-2 
Power 
apparent, 6-131 
true, 6-127, 6-128 
Power factor, 6-127, 6-130, 
6-131 
Power sources, portable, 6-3 
Primary battery, 6-4 
Primary dry cell, 6-15 
Primary wet cell, 6-6 
limitations, 6-13 
Regulation, 6-73 
variable-speed generators, 
6-107 
Rejuvenation, 6-21 
Rejuvenators, 6-21 
Residual magnetism, 6-84 
Resistance-shunt voltage 
testers, 6-53) 
Reverse chemical action, 
6-33 
Reverse-current cutout 
relay, 6-111, 6-112, 
6-113 
Ripple, 6-69 
Risers, 6-102 
Rotating fields, 6-121, 6-132 
Rotor, 6-71, 6:122 
Secondary batteries, 6.4, 
6-23 
Secondary ceils, alkaline, 
6-44 
Sediment area, 6-42 
Self-contained exciter, 6-132 
Self-excited Eenerators, 
6-77, 6-78, 6-80 
starting, 6.84 
Self-induction, 6-91 
Separately excited Eenera. 
tors, 6-77, 6-120 
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Series generators, 6-78, 6-79 
Series-shunt generators, see 


compound generators 


Series windings, 6-104 
Shunt generators, 6-80, 6-81 
Shunt windings, 6-104 
Silver-zinc cells, 6-44, 6-49 
Sine-wave output of a-c 
generators, 6-118 
Sine waves, 6-63 
Single-phase a-c generators, 
6-123 5 
Slip rings, 6-117 
Solar cells, 6-59 
.South pole piece, 6-75 
Specific gravity, 6-39 
Spring pressure, 6-103 
State of charge, 6-39 
Stators, 6-132 
Stationary-armature a-c 
— generators, 6-121, 
6-122 
Stationary armatures, 6-132 
Steel bands, 6-101 
Storage batteries, 6-4, 6-23, 
6-55, 6-111 
construction, 6-41 
disadvantages, 6-42 
Sulfation, 6-42 ^ 
Sulfuric acid, 6-7, 6-29, 6-39 
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Taper charging, 6-40 
Thermocouple, 6-58 
Thermoelectric cells,-6-57, 
y 658 
Thermometer, 6-39 
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Three-phase a-c generators, 
6-125 
Trickle charge, 6-40 
True power, 6-127, 6-128 
Two-phase a-c generators, 
6-124 
Two-pole generators, 6-101, 
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a-c generator output, 
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fluctuating d-c, 6-69 
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Voltage regulation 
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d-c generators, 6-78, 
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Voltage regulators, 6-96, 
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Voltage standard, 6-3 
Voltaic cells, 6-6 
types, 6-57 
Voltaic pile, 6-5 
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electricity six examines power Sources, the devices that 
produce electricity. The construction and operation of batteries is 
demonstrated. The subject of generators, d-c and a-c, is covered 
from theory to practical considerations. 
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electrictiy one-seven is a complete, modern course in the 
fundamentals of electricity. The step-by-step presentation pro 
Vides all necessary theory and pertinent practical background in 
Seven concise volumes. 


The Series begins by defining, explaining, and describing the essen- 
tial theories of electricity. After this easy-to-grasp introduction, it 
Proceeds through an Understanding of d-c and a-c circuits to the 


general principles and functions of test equipment, power sources, 
and motors. 


To insure comprehension, each page covers only one new concept 
9r idea. Each idea is concisely explained and related to previous 
ideas. In addition, each Page provides a reinforcement and restate- 
ment of the idea through a two-color illustration. Further review 
and reinforcement is Supplied by a summary-and-questions page 
following each topical section. ; 


_ Every effort has been made to organize the material into a logical 


learning Sequence appropriate for either self-study or classroom 
ase The "concept-unit" approach permits the series to function 
as a reference ang refresher text, as well as an introductory course. 
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